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ABSTRACT
The effect of multiple applications of cow slurry or inorganic 
nitrogen fe r t i lis e r  (calcium nitrate) on the composition of the so il 
atmosphere was studied over three years, in an imperfectly drained 
pasture so il. Irrespective of fe r t i lis e r  treatments concentrations 
of oxygen (C^) decreased and carbon dioxide (CC^) increased during 
the winter months, but remained near ambient levels during the sunner. 
Slurry decreased 0  ̂ concentrations temporarily, especially following 
applications in the autumn and in the spring. Concentrations cf 
nitrous oxide ( ^ 0 ) remained close to ambient during the summer 
under a ll  treatments but increased over the autumn, winter and spring, 
especially in the few weeks following fe r t i l is e r  applications. En­
hanced ^ 0  concentrations were significantly related to decreases in
°2*
The relative d iffusiv ity  of so il cores from the fie ld  site was
85determined from the rate of diffusion of Kr through the cores. From 
this, the diffusion coefficient for h^O was calculated and used to
estimate the flux  of NO from the fie ld  plot. Losses from plots re -
. . . .  - 1 - 1  ceiving inorganic fe r t i lis e r  were up to 6kg N ha a but lower than
this from control plots and plots receiving slurry.
In the 3rd year acetylene ^ 2^ )  was used to inhibit the reduction 
of N2O to N2 in microplots enclosed by plastic cylinders driven into 
the so il, so that total gaseous losses could be measured. These were 
low during the summer and in the winter in a ll treatments, but in­
creased during the autumn and spring. Losses of N were highest in 
the inorganic fe r t i lis e r  treatment: 10 and 21% of the N applied in
the autumn and spring, respectively. Fluxes of up to 115g N ha ^h ^
were recorded. Losses from the slurried plots were only s ligh tly  
higher than from the control plots. When fluxes were low, most loss 
of N was as N2O, but the proportion lost as N2 increased as the total 
flux increased. The highest ratio of (N2 + ^ 0 )  :N 0 recorded was 25.
In laboratory experiments C2H2 was found to inhibit n itrifica tion  
totally at a concentration of 0.04ml ml  ̂ but the effect was found to 
be reversible. Acetylene also inhibited N2O reduction. In aerobic
i i i
conditions Ĉ B̂  increased soil respiration, some of the Ĉ B̂  being 
consumed in the process. Several colonies of bacteria were 
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Mean 0  ̂ and CÔ  concentrations at the 30cm depth
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1. REVIEW OF THE LITERATURE AND INTRODUCTION TO EXPERIMENTAL WORK
1.1. Introduction
The microbiology and biochemistry of denitrification is  reviewed. 
This section includes a discussion of the effect of acetylene (C^H^) 
on denitrification and other microbial processes, since was used
as an inhibitor of nitrous oxide (N^O) reduction both in f ie ld  and 
laboratory experiments.
Since denitrification only occurs in anaerobic so il, so il 
aeration is discussed. Particular emphasis is  la id  on its  
assessment in the fie ld , since this constituted a large part o f 
the research undertaken in the project.
The methods used to study denitrification both in the laboratory 
and the fie ld  are considered together with the results of such 
studies, including those aimed at assessing the extent of nitrogen 
loss in the fie ld .
Finally the work undertaken in this project is  introduced.
1.2. Microbiology and Biochemistry of Denitrification
In denitrification, nitrate (NO“ ) replaces oxygen (0^) as the
terminal electron acceptor during respiration and is  reduced to
oxides of nitrogen, or nitrogen (N^), the end products being
excreted (dissim ilative reduction). Since the energy yield fo r
0 as terminal acceptor is  greater than for NO“ (26.5 and 18 kcal 
—1mol electrons respectively) denitrification occurs only in the 
absence of 0^.
Denitrification should not be confused with assimilative reduction 
of NO“ to ammonium (NH^+) which occurs in green plants, algae, many 
fungi and some bacteria, or dissimilative NO“ reduction (NO“ 
respiration) where the end product is  n itrite  (NO“ ).
1.2.1. Microbiology
Denitrification has long been known as a microbiological process 
(Gayon and Dupetit, 1882). However, in sterile  so il, N02~ can break 
down to n itric  oxide (NO) and N2 (Bulla et a l .. 1 9 6 8 , 1970), nitrous 
oxide (N20) and N2 (Burford and Stefanson, 1973), and in acid so ils
-2 -
to NO (A llison, 1 9 6 3 ) .  These processes, often referred to in the 
literature as chemical denitrification, are not thought to contribute 
greatly to gaseous losses of N in the fie ld  except under unusual 
conditions.
Although some fungi are known to produce some N̂ O during 
dissimilatory NÔ  reduction (Bollag jet ¿1., 1972a), the only true 
den itrifiers are bacteria. Nitrate respirers make up a small 
proportion of the aerobic bacterial population (1% in a study by 
Doner £¿,.21., 1975) » and of these only a small proportion can 
denitrify: Volz gt g l .  ( 1974) found 10% and Gamble g£ ad.. (1977) 25%.
Denitrifying bacteria occur in diverse habitats, including 
the oceans (Barbaree and Payne, 19 6 7 ) » a l l  kinds of so il (Jordan 
et a l ., 1967 > Gamble gt g l ., 1977; Garcia, 1977a), river sediments 
(H ill, 1979) and lake sediments (T i r e n g i g l . ,  1976; Kamp-Nielsen 
and Anderson, 1977)* Denitrifying bacteria are also known which are 
plant pathogens (Pichinoty g± a l .»  1977) and which can f ix  N^
(Rigaud gt g l . ,  1973; Eskew g i  a l» ,  1977)• Tests have shown that
over ha lf the strains of some N  ̂ fix ing  bacteria are able to denitrify, 
possibly at the same time as they f ix  N  ̂ (Neyra et g l . ,  1977;
Zablotowicz s i a l» ,  1978).
Denitrifying bacteria occur in over 20 genera (a l i s t  is  given 
by Payne, 1981). Most are heterotrophs but some chemolithotrophs 
are known, e.g. Thiobacillus denitrificans which uses sulphur 
compounds (B e ijerinck ,1904; Baalsrud and Baalsrud, 1954;
Baldensperger and Garcia, 1975) and some which use hydrogen (H^) 
(Niklewski, 1914; P fitzer and Schlegel, 1973)« Almost a l l  are 
facultative anaerobes, the only known exception being Propionibacterium 
pentosaceum which normally grows by fermentation (van Gent gt g l . ,  1975)*
Although in denitrification, N0  ̂ is  reduced sequentially to N^
(see Section 2.3*2), not a l l  den itrifiers are able to perform every 
step. Some reduce N0  ̂ slowly, i f  at a l l  (Bollag et. g l . ,  1970),
others can reduce NO ~ but not NO, (Youatt, 1954; Chatelain, 1969;
2 5
Pichinoty g£ a l» ,  1976; Garcia g ± .a l . ,  197Tb), and some cannot 
reduce N^O (Renner and Becker, 1970; Garcia e i  a l» ,  1977b; Greenberg 
and Becker, 1977)»
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There is no evidence that the organisms most frequently studied 
in microbiological work (Pseudomonas stuzeri, Pseudomonas perfectomarinus, 
Paracoccus denitrificans and Pseudomonas denitrificans) are the most 
numerous or representative. The most numerous den itrifiers from 
so il were reported to be Bacillus polymyxa, Bacillus sp. Arthrobacter 
simplex and Micrococcus sp. (Jordan et, a l . , 19 6 7 ) and Pseudomonas,
Bacillus and Micrococcus (Pocht and Joseph, 1973)* In their 
definitive study using a wide range of so ils  from a l l  over the world, 
Gamble et. a l. (1977) found that 35% of the isolates were Pseudomonas 
fluorescens biotype I I ,  with Ale a l ig n e s , Pseudomonas and Flavobacterium 
(a genus not previously known to contain d en itrifie rs ) being commonly 
found.
1.2.2. Pathways of Denitrification
Although it  was known long ago that during denitrification NÔ
was reduced to NÔ  , NO, N̂ O and (Warrington, 1897; Beijerinck
and Minkman, 1910; Suzuki, 1912), i t  took over 70 years fo r the
reduction sequence to be proved beyond doubt.
The existence of an intermediate between NÔ  and NO was postulated
by Cranston and Lloyd (1930) to explain a lag  period between NO,
5
and NCk disappearance and the appearance o f a gas. They suggested 
2—
hyponitrite (^C ^  ) and others considered nitramide (NO^.NH^) as the
intermediate. In bacterial culture Allan and van Niel (1952) found 
2-
that both No0 and NO .NH were converted to N0, while Kluyver and
C. C. C. ¿L C.
Verhoeven (1954) reported l i t t le  reaction with N^O  ̂ and immediate 
autodecomposition with NO^.NH^. Hydroxylamine was also thought by 
some workers to be an intermediate since it  can be reduced by 
denitrifying bacteria (Asano, 1959) and can be combined with N0  ̂
to give oxides of N (iwasaki and Mori, 1958; Renner and Becker,
1970) by an enzymic process (iwasaki g i a l*» 1963)* However, none 
of the three compounds has ever been proved to be an intermediate.
Early workers often did not detect N^O in their experiments 
(Chung and Najjar, 195&a), probably because their manometric 
techniques could not detect the small quantities involved and at this 
time N^O was not considered an obligatory intermediate. Those who
-4 -
did detect N̂ O (Sacks and Barker, 1952; Verhoeven, 1952; Kluyver and 
Verhoeven, 1954) considered i t  to Be an alternative end product to 
N  ̂ rather than an obligatory intermediate. This view was supported 
by evidence that although cyanide and azide inhibit NO reduction, 
in their presence NÔ  could be reduced to N  ̂ (Sacks and Barker, 1952; 
Allan and van N iel, 1952; Delwiche, 1959)• At a symposium in 1953 
Kluyver pointed out that the inhibitors were inactivated by NÔ  
but his results escaped the notice of most workers (Payne, 1981).
There was also doubt as to whether NO is  an intermediate since 
it  is  unstable and toxic. Although some workers found NO in their 
incubation experiments with ce ll cultures (Baalsrud and Baalsrud, 1954; 
Chung and Najjar, 1956a; Walker and Nicholas, 1961; Cooper and Smith, 
1963), it  was seldom found in so il incubations except in unusual 
circumstances, e .g . at low pHs (Cady and Bartholomew, i 9 6 0 ) .
The role of N^O and NO in denitrification was only resolved
after the development o f gas chromatographic techniques using columns
containing 'Porapak* (polystyrene beads) in 1 9 6 6 . This enabled
mixtures of NO, NO  and N to be separated and the improvement of 
15techniques for N analysis meant that denitrifying systems could 
be continuously monitored.
Cady and Bartholomew ( i 9 6 0 ) ,  who were among the f ir s t  to use "*N, 
reported evidence of a sequence involving NO, N̂ O and N^. Matsubara 
and Mori ( 19 68 ) showed that N^O appeared transiently in the reduction 
of NÔ  to N^. Barbaree and Payne ( 1 9 6 7 ) showed by chromatographic 
analysis that ce ll-free  extracts of Pseudomonas perfectomarinus 
released NO and N^O, contrary to previous evidence. Miyat and 
Mori ( 1 9 6 8 ) detected NO during denitrification in the presence of 
an inhibitor of NO reduction. Greenberg and Becker (1977)» using 
mutants of Pseudomonas fluorescens lacking N^O reductase, found that 
N^O was the only end product of NÔ  reduction. In the presence o f 
inhibitors of N^O reduction the fin a l product of denitrification was 
N^O, whether the in it ia l source of N was NO (Garcia, 1977a) or NÔ  
(Matsubari and Mori, 1 9 6 8 ; Balderston g i s i - »  1976; Yoshinari and 
Knowles, 1976).
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It is  now generally accepted that the sequence of denitrification
is :
NO ~ ---- } N02" ----- )  NO-----> N20 ---- (Payne, 1981) 1.1
1.2.5. The Biochemistry of Denitrification
In aerobic respiration, reduced compounds are oxidised by giving 
up electrons to a chain of electron acceptors, so that as electrons 
pass down the chain the energy released is used in  A.T.P. (adenosine 
tri-phosphate) formation. The electron chain generally . consists of 
a quinone derivative and cytochromes (proteins containing heme 
prosthetic groups in which a fe rric  ion can be reduced to ferrous) 
and with 02 as the fina l electron acceptor. In denitrification  
NO -̂ , N02 , NO or N20 replace 02 in this process.
Aerobic respiration is the most effic ien t in energy terms:
50-60% of glucose carbon is assimilated, compared to 25% in d en itr ifi­
cation and 5-10% in anaerobic respiration (Verhoeven and Goos, 1954)* 
Growth with an N source in the absence of 02 proves the link; 
between denitrification and A.T.P. synthesis. Denitrifying organisms 
have been grown on N0  ̂ and N02 (Bollag s i a l . »  1 9 7 0 ; Focht and 
Joseph, 1973» Doner s i  al«> 1975; Gamble s i  a l . ,  1977 ; Garcia, 
1977a) and on N20 (Matsubara, 1975; Pichinoty s i  a l . ,  1976;
Garcia s i  a l«»  19776; S%renson s i al»> 1980 ) but so fa r only 
Pichinoty e i ai* (1978, 1979) have reported growth on NO due to its  
toxicity. Koike and Hattori (1975a) showed that the growth yie ld
per mole of NO, was approximately ha lf that o f 0 . Since 1 mole 
5 k
02 and N0  ̂ accepts 4 and 5 moles electrons respectively, they 
inferred that there were fewer phosphorylation s ites  when N0  ̂ was 
the fina l electron acceptor.
02 + 4e" + 4H+ = 2H20 1.2
NO3 + 5e" + 6h+ = ÿtf2 + 5H20 1 . 3
They also showed that N0  ̂ , N02 and N20 gave growth yields of
28.6, 16.9 and 8.8 g mole  ̂ respectively, the resu lts for NO,” and
5
N02 roughly corresponding to the oxidation number o f N (5 :5 ). They 
concluded that there are a similar number of phosphorylation sites
-6-
for NO “ and NO “ and rather more fo r  NO (oxidation number 1) (Koike
3
and Hattori, 1975b). Since the N20:N2 couple has a greater potential 
than the other steps, this is  not surm ising.
Eo = 1.35V n2o/n2
= 0.42V N03-/N02"
= 0.77V N02“/N20
E", ¡s fcke pohir,l-;o.i oC k-c. coupla at zs°c. ^  (gj-pgt jansson and Hollocher, 1980)
Cell free extracts of the enzymes responsible fo r denitrification
have been isolated from whole ce lls , i .e .  NO,-  reductase (Forget and
5
DerVartanian, 1972; Baldensperger and Garcia, 1975» Calder gt a l . ,  
1980) N02~ reductase (Radcliffe and Nicholas, 1968; Payne g i  a l* » 197l) 
NO reductase (Cox g± al*> 1971; Cox and Payne, 1973; Zumft, 1979) 
and N20 reductase (Matsubara and Mori, 1968; Barbaree and Payne, 1967; 
Payne and Riley, 1971)• Using the extracts the sequence of d en itr ifi­
cation (Equation 1.1) has been confirmed. Work with ce ll free extracts 
of N02 reductase has shown that NO is  the product o f reduction even 
though NO is not usually released from whole ce lls ; i .e .  NO normally 
remains bound within the c e ll and is  therefore seldom released in soils  
(Payne, 1981).
1.2.4. The Effects o f Acetylene on Microbial Processes
1.2.4.1. Denitrification
The in it ia l discovery that CgHg inhibits N20 reduction (Federova
et a l .. 1973) has been confirmed in bacterial cultures (Balderston
e i a l - ,  1976; Yoshinari and Knowles, 1976) and in so ils  by the use of
^ N  (Paul and Victoria, 1978) ^ d  ^^N (Smith g± a l . ,  1978).
Sulphide, also a known inhibitor o f N20 reduction (S/renson, 1978;
Myers, 1972) removes the effect of C2H2 (Tam and Knowles, 1979) as does
sulphur-containing protein, and organic substances high in sulphur
(Yeomans and Beauchamp, 1982b). Thus in any sulphide containing
environment, C2H2 may be ineffective as an inhibitor.
The conversion o f NÔ  to N20 in the presence o f C2H2 is
stoichiometric in bacterial cultures (Yoshinari and Knowles, 1976) and
soils (Yoshinari e i  a i . ,  1977)* The rate of NO, reduction is
5
unaffected by C2H2> although N02 reduction is  s ligh tly  slower
-7-
(Yoshinari and Knowles, 1976), in spite of the fact that Cho (1982) 
predicted a 25% increase in NÔ  reduction from theoretical consid­
erations .
-2 -1Where concentrations below 1x10 ml ml were used inhibition
was reversible in bacterial cultures (Balderston at ¿1., 1976). and in
soils (Ryden et a l . ,  1979a; Yeomans and Beauchamp, 1978). However
-2 -1at concentrations greater than 1x10 ml ml the effect was 
irreversible (Balderston ai a i* , 1976).
Reported ChH concentrations required for complete inhibition
“3 —2 -Iin soils range from 1x10 to 2x10 ml ml (Yoshinari e± a l* , 1977;
Sorenson, 1978; Germon, 1980a; Ryden, 1982a). However, in bacterial
culture different organisms required different concentrations for
complete inhibition (Yoshinari and Knowles, 1976). The concentration
required appears to depend on the duration o f the experiment, higher
concentrations being required to prolong the inhibitory effect
(Yeoman and Beauchamp, 1978). Germon (1980a) found that even at 
-2 -1
2x10 ml ml ^2^2 ’ was incomplete a fte r two weeks.
Higher N0  ̂ concentrations, which result in more ^ 0  concentrations 
increase the Ĉ Ĥ  concentration required and in some circumstances 
inhibition is not complete even under a pure C^H  ̂ atmosphere (Smith 
si a l . ,  1978).
-3  -1Prom the above, it  appears that concentrations of 1x10 ml ml
0oHo may be adequate for complete inhibition at low NO, concentra-
- 2 - 1tions over a short period of time but 1x10 ml ml would be required at




Although few studies have specifica lly  looked at the effects of 
^2^2  0n resPi-ra6 i on> some workers have measured carbon dioxide (CO^) 
evolution when using Ĉ Ĥ  in experiments on denitrification. In 
some so il incubation experiments the presence of C^H  ̂ had no effect 
on C02 production (Ryden a l . ,  1979a; Smith a l . ,  1978; Ryden,
1982 ) .  In contrast KLemedtsson £± a l. (1977) found a 13% increase 
in C02 production in the presence of C2H2, which was s ta tis t ica lly
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significant, but offered no explanation. His incubations were 
carried on for three weeks a fter the disappearance o f NÔ  -  much
longer than in other work.
Enhanced respiration may be due to the presence of microorganisms 
able to use as a carbon source, either immediately or a fter
adaptation. Organisms are known which are able to use lower alkenes, 
including ethylene ( C ^ )  (Zobell, 1950; de Bont, 1975)- Birch- 
Hirschfeld (1952) reported identifying an organism as Mycobacterium
la tico la , able to use but not C ^ ,  methane (CE^) or propylene
(C^Hg) as an energy source, but McKenna and Kal l i s  (1965) state in 
their review that this was not confirmed by other workers.
De Bont (1976) and Germon (l980b) noted disappearance
during prolonged so il incubations and suspected it s  use by micro­
organisms. Watanabe and de Guzman (1980) showed that this occurred 
in both aerobic and anaerobic environments but only in unsterilised  
so il. During consumption no formed, but increased concen­
trations of fatty acids indicated a fermentation process. Other 
workers also found increased CÔ  production, but no ;*'n
presence of and suggested that was only consumed in the
absence of any other carbon source (Germon, 1980b; Yeomans and 
Beauchamp, 1982a). Culbertson £t &1. (l9 8 l) were the f ir s t  to use 
labelled "^C and showed that was converted to ^COg by
estuarine sediments in anaerobic conditions.
So fa r in pure culture only aerobic C^E  ̂ bacteria
have been isolated and the evidence is  that the a b ility  is  limited 
to a few organisms. Kanner and Bartha (1979) have isolated and 
identified Nocardia rhodocrous which could use a variety of conven­
tional carbon sources as well as ^2^2 ’ n°^ ^2^4 ’ îa<̂  a
growth requirement for a thiamine vitamin. De Bont and Peck (1980) 
isolated and identified an organism Khodococcus A l, which could use 
^2^2  or many conventional substrates but not lower alkanes or 
and which had no vitamin requirement. Both authors claim that their 
organism was the same as that of Birch-Hirschfeld (1932). Both 
de Bont and Peck (1980) and Kanner and Bartha (1982) found acetalde- 
hyde (CH^.CHO) as an intermediate in consumption, indicating
that is  metabolised through a hydration reaction. This seems
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the most like ly  pathway since no evidence has been reported for a 
nitrogenase-type reduction to C2H  ̂ and no C2H2 u tilize rs  have been 
able to use as an alternative substrate.
1.2.4.3. Mitrogen Fixation and Methane Production and U tilisation  
Acetylene has been used since the 1960*s in assays of N fixation
because i t  acts as a competitive substrate, being reduced to C2H  ̂ which
is  easily  measured by gas chromatography (Dilworth, 1 9 6 6 ) .  Therefore,
when C2H2 is  used in the fie ld , N fixation w ill be inhibited, and so il
NO,-  concentrations may therefore be affected.
3
Raimboult (1975) showed that prevented the growth of
Methanosarcina, a bacterium responsible for CĤ  production in sediments. 
Acetylene also inhibits the oxidation of CĤ  and other simple alkanes, 
and the co-oxidation of C2Ĥ  by interfering with CĤ  hydroxylase by 
competitive inhibition (De Bont and Mulder, 1976).
1.2.4*4« N itrification
Acetylene has been shown to inhibit n itrifica tion  tota lly  at 
concentrations as low as 5X10 ^mlml  ̂ (Ryden, 1982)and 1x10  ̂ ml ml 
(Walter gt a l . ,  1979) in so ils  and 1x10 ^ml ml  ̂ in culture studies 
(Hynes and Knowles, 1978)» inhibition is  reversible a fter a lag
period (Walter ai a l« »  1979)* Although in theory this might lead to 
low NO, concentrations when 0oHo is  used in f ie ld  experiments, such 
an effect has not been found in practice (Ryden and Dawson, 1982).
1.3. Soil Aeration
Gas phase concentrations in this section are given as ml ml  ̂ and 
concentrations in the aqueous phase as the concentration in the gas 
phase which would be in equilibrium with the solution.
i
1•3-1 - The Mechanism of Oxygen Supply to Soils
At some c rit ica l 02 concentration aerobic respiration ceases and 
anaerobic processes begin. Using a stirred so il suspension to avoid 
02 concentration gradients, Greenwood (1 9 6 3 ) found that the c r it ic a l  
02 concentration was 3.2xlO-  ̂ml ml-1 (4xlO~^M). He also found the
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critica l 0 2 concentration within saturated, aggregates of uniform size  
by calculating from diffusion theory the proportion of the volume of 
the aggregates which were aerobic, and hence calculating a theoretical 
respiration rate. By measuring actual respiration he found that the 
critica l 02 concentration was 6x10 ^ ml ml  ̂ (0.7x10 ^4 )(Greenwood, 1 9 6 1 ) .
Several workers (Currie, I 96I ;  Leffelaar, 1979; Smith, 1977» 1980) 
have visualised thé so il as a collection of aggregates of varying sizes, 
with the inter-aggregate pores forming a system of macropores which are 
usually a ir  f i l le d . Within the aggregates, where most nutrient uptake, 
root growth, and microbial activity, and therefore respiration, takes 
place, there is a system of micropores, the proportion of a ir  f i l le d  
and water f i l le d  pores depending on the so il moisture tension.
Oxygen is therefore supplied to the site of respiration from the 
atmosphere through the inter-aggregate and intra-aggregate pores.
Mass flow (the response to a pressure gradient) and diffusion  
(the response of a component of a gaseous mixture to a partia l pressure, 
i .e .  concentration, gradient) are the two main mechanisms of gaseous 
exchange.
Mass flow due to temperature lags and barometric changes between 
the surface and subsoil has been estimated to account for less than 
0.5 and 1% of the required 02 respectively (Rommel, 1922; Buckingham, 
1904). The action of wind was once thought to have l i t t le  contribu­
tion (Buckingham, 1904) though more recent work (Kimball and Lemon,
1971; Scotter a i a l . ,  19&7; Farrell a i a i - > 1 9 6 6 ) shows that wind 
turbulence may cause some mixing of so il a ir  in the top few centimetres 
of a bare unconsolidated so il.
In the so il atmosphere, the C>2 defic it (the difference between the 
measured 0 2 concentration and that o f ambient a ir ) is  greater than the 
CC>2 concentration, due to the greater so lubility  of CC>2, which gives 
rise to more rapid diffusion of CC>2 away from a site  of respiration  
than diffusion o f C>2 to the site , and loss o f CC>2 in percolating 
water (Boyce and McCalla, 1 9 6 9 ) .  This leads to an overall pressure 
reduction and to mass flow (Wood and Greenwood, 1971) But although the 
contribution of this mechanism to 0 2 exchange has not been estimated, 
it  is  like ly  to be small.
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Diffusion is therefore the major mechanism fo r gaseous exchange in 
so il. As Og is consumed partia l pressure gradients cause 0  ̂ to 
diffuse towards the area of consumption, according to Pick's 1st Law 
(Pick, 1855):
P = -D^c/ Bx 1 .4
where P is the flux of gas
3c/ 3x is  the concentration gradient in the 
direction x
D is the diffusion coefficient (fo r  0
2 - 1in a ir  D = 0.2cm s , and in water =
0.2 x 10-4cm2s-1 )
Equation 1.4 applies in both liqu id  and gaseous media but 
diffusion in water is  approximately 10,000 times slower than in a ir .  
Since the so lubility  of 0  ̂ is  low, concentration gradients in water 
are also lower than in a ir  and therefore diffusion through water 
f i l le d  pores often does not match the 0  ̂ demand. Therefore the 
adequacy of the 0  ̂ supply to the so il depends large ly  on the a ir  
f i l le d  porosity which in turn depends on the moisture tension.
Pick's 2nd Law (Pick, 1855) shows how concentration varies with 
time (i .e .  where the conditions are not steady sta te ). Where there 
are sources or sinks of the diffusing gas the law is  amended to :
3c/ 3t = D 92c/9 x2 + Q 1.5
where Q, is  the rate of production of the gas ( i .e .  negative for C^)
Standard solutions of Equation 1.5 have been worked out fo r special 
conditions but they represent an oversimplification of the real con­
ditions in fie ld  so ils  (van Bavel, 1951» 1952; Wesseling, 1962; 
Papendick and Runkles, 1965; Crank, 1975)*
Inter-aggregate a ir  f i l le d  macropores are more lik e ly  to contain 
adequate 0  ̂ concentrations while micropores, particu larly  in t&e centre 
of large aggregates are more like ly  to be anaerobic. It  has been 
known for some time that anaerobic microsites can exist in so ils  with 
well aerated macropores (Russell and Appleyard, 1915» Jansson and 
Clarke, 1952; Skerman and Macrae, 1957)»
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A1though the diffusion coefficient, as measured in a so il, is  
that for the inter-aggregate pores, i t  is a crucial factor in deter­
mining whether aeration is adequate. There have been many attempts 
to relate the diffusion coefficient (D) to the diffusion coefficient 
in a ir  (Dq) and a ir  f i l le d  porosity (S ), a fa ir ly  easily  measured 
variable. I f  diffusion were simply restricted by the available 
so il a ir  space, D would be given by:
D = SD 1.6o
In practice, D is  less than expected, because o f tortuosity in 
pores and because of blocked pores etc. Various relationships have 
been suggested:
D = D (Buckingham, 1904 ) 1.7
D = 0.66 SDq; 0 <S < 0 .7  (Penman, 1 9 4 0 ) 1.8
D = (0.9S -  0.12)D (Wesseling and van Wijk, 1957) 1.9
4 A
D = S /;5Do (Millington, 1959)
o
1 . 1 0
D =  X S^Do (Currie, i 9 6 0 ) 1.11
where If = 0.8-1.0, increasing with mean porosity.
H is  a measure of pore shape.
Penman's formula (1.8) has been widely used but i t  is  not valid  
when S is low, since many pores are then blocked and I) becomes very 
low (Blake and Page, 1948; Vfesseling and van Wijk, 1957; Grable 
and Siemer, 1 9 6 8 ) .  Yfesseling's equation ( 1 . 9 ) assumes that 12% of 
the pore space is  blocked. No one equation seems val-id for a l l  
so ils .
Various methods have been used for measuring diffusion coeffic ­
ients. Blake and Page (1948) and Domby and Kohnke (1956) calculated 
the diffusion coefficients from the weight loss of carbon disulphide 
as it  evaporated and diffused through so il in a chamber. In Taylor's 
method ( 1 9 4 9 ) ^  ¿Lif;0ase<i through the so il into a ^  f i l le d  chamber, 
and D was calculated from the increase in 0  ̂ concentration. Field  
methods were developed to measure D from the rate of diffusion of 
02 into a buried chamber of N  ̂ (Raney, 1 9 5 0 ) and away from an access 
needle in the ground (Lai s i  ¿iL., 1976). More recently methods
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involving the diffusion of radioactive krypton -85 through so il cores 
have been developed (Wellar gj; a l . ,  1974; Ball, 1979)*
Diffusion equations have been solved for intra-aggregate diffusion  
by Currie ( 1 9 6 1 ) and by Greenwood (1 9 6 1 ).  For a spherical aggregate 
or crumb, Greenwood and Berry ( 1 9 6 2 ) give the relationship:
6 0 (0 . ^ )  = M(B12+2Ro5/B1-5Ho2) 1*12
where is  the concentration of 0  ̂ at the crumb surface»
C is the c rit ica l 0n concentration below which 
0 2
anaerobic processes occur.
M is the rate of respiration.
R̂  is the crumb radius.
Rq is the radius at which 0  ̂ becomes c r it ic a l.
I f  Cq is  taken as 0, and Rq = 0, i .e .  the crumb is totally  
aerobic, equation 1.12 can be reorganised to give the maximum radius 
fo r a completely aerobic crumb:
H1 = /(6 DC-j/fa) 1.13
Greenwood and Goodman (1 9 6 7 ) found reasonably good agreement with 
the theory using moulded so il spheres, when the gas f i l le d  pore space 
in the spheres was low.
Greenwood (1 9 6 3 ) predicted that in an arable so il where aggregate 
sizes are less than 1cm radius with an a ir  f i l le d  porosity greater 
than 10%, anaerobic microsites would be unlikely to occur. Anaerobic 
microsites are more lik e ly  when poor structure increases aggregate 
sizes, when the a ir  f i l le d  porosity is  less than 10%, or when resp ir­
ation rates are very high, e .g. when dry so il is  remoistened or 
organic materials are added to the so il.
Currie (l96 l), and Smith (l977)> using data from Currie (1 9 6 5 ),  
found values of D an order of magnitude less than Greenwood and 
Goodman (1 9 6 7 ) ,  corresponding to a 3~i‘° l <i decrease in the c r it ica l 
radius fo r a completely aerobic crumb.
Smith (1977) has used Currie*s and Greenwood*s work to model the 
extent ofanaerobiosis, given that aggregate sizes are log normally 
distributed. His model shows that D is  more important than aggregate
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size in determining the proportion of the so il volume which is  
anaerobic.
1.3.2. Soil Aeration Measurements
No quantitative measurement is  entirely satisfactory in the 
assessment of so il aeration status because of the complex nature of 
so il structure.
One measurement used is  the oxygen diffusion rate (o .d .r . )
(Lemon and Erickson, 1962; Clark et a l . ,  1953» W illey and Tanner,
1963; Willey, 1974)» which measures the flux of 0^ to a cathode, 
where 0  ̂ is  reduced to hydroxyl ions. The current depends on pH, 
salt content and ion species as well as 0  ̂ diffusion (McIntyre,
1 9 7 0 ) and there is d ifficu lty  in obtaining readings in dry so il 
(Flilhler et ¿1., 1976a). However, the o .d .r. does measure the 
ab ility  of the so il to supply 0  ̂ to a site of respiration. Quoted 
crit ica l rates for the maintenance of adequate aeration range from 
15 x 10 ® to 40 x 10 ® g cm  ̂ min  ̂ (Betrand and Kohnke, 1 9 5 7 »
Letey s i  a l* , 1962; Stolzy and Letey, 1964; Dilkova and Galeva,
1978).
The redox potential (r .p ) (the potential difference between a 
standard hydrogen electrode and an inert electrode placed in the 
so il ) has also been used as an index of so il aeration. When so il 
becomes anaerobic the r .p . fa l ls  in stages, remaining constant for a 
while a fter each f a l l ,  when it  is  said to be poised* and one ion
species in the solution is  being reduced. Ions responsible for
-  4+ 3+ 2-poising include N0  ̂ , Mn , Fe and S0  ̂ in order of decreasing
r.p . The quoted r.p . fo r N0^ ranges from 200 mV to 65O mV (Patrick,
I960; Bell, 1969; P ilot and Patrick, 1972; Armstrong, 1975; 
van Cleemput e i a l* ,  1975; Reddy and Patrick, 1975; Ryden and Lund, 
1980a; Letey s i  a l* ,  1981). This wide range, and the high va riab il­
ity  of r.p . over very small distances (Fliihler s i a l* »  1976b) means that 
the r.p . is  d ifficu lt  to interpret and of limited value in the absence 
of other information.
Soil atmospheric analysis for 0  ̂ and CO2 is  the most commonly 
used method of determining aeration status. Sampling devices of
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small volume, e .g . a long needle (van Bavel, 1 9 6 5 ) or a capillary tube 
(Tackett, 1 9 6 8 ) ,  which rely on drawing a ir  from the so il macropores, 
are easily  blocked and d ifficu lt  to use in wet so il. Usually a 
reservoir containing a ir  is  buried in the so il, into which gases 
diffuse and from which samples can be withdrawn to the so il surface.
In early work reservoirs were large, and samples were withdrawn using 
a pump, since before the advent o f chromatography large samples were 
required for analysis (Russell and Appleyard, 1915; Boynton and 
Reuther, 1938; Furr and Aldrich, 1943; Robinson, 1957; Epstein 
et a l . . 1957; van Bavel, 1 9 6 5 ) .  Hie use of a pump causes degassing, 
of CÔ  from the so il solution and therefore enhanced CÔ  concentra­
tions (Taylor and Abrahams, 1953)- Later, reservoirs were smaller, 
consisting for example, of glass tubing (Yamaguchi g± a l« ,  1962), a 
30ml can connected to capillary tubing (Burford and Millington, 1 9 6 8 ), 
and a pipe coupling connected to galvanised pipe (Tackett, 1 9 6 8 ) ,  a l l  
of which were sampled by means o f syringes. Dowdell a l. (1972) 
used reservoirs consisting of sintered bronze cups (5ium pores), porous 
to a ir , and also water at low so il moisture tensions.
Reservoirs should be large enough so that sampling does not 
cause appreciable pressure reduction, but small enough so that equil­
ibrium between so il gases and the reservoir atmosphere is  rapidly 
established after sampling, and o f volume much larger than the 
connecting tubes to the surface. Gas concentrations in such reservoirs 
are in equilibrium with the so il macropore atmosphere and can only 
give an indication of concentration o f gases within aggregates, where 
respiration takes place.
1.3.3. Oxygen and Carbon Dioxide Concentrations in Soil
Oxygen concentrations can vary from 0 to 0.21 ml ml and C0? from 
0 to over 0.12ml ml-  (Boynton and Beuther, 1938; Purr and Aldrich, 
1943; King, 1982). Mass flow, caused by the 02 defic it being 
greater than the 00  ̂ concentration (see Section 1 .3 .2 .) leads to an 
increased content in the so il atmosphere over atmospheric concen­
trations (Yamaguchi £± .al., 1962; Boyce and McCalla, 1969; Wood and 
Greenwood, 1971) and. concentrations o f up to 0 . 9 0  ml ml  ̂ have been
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measure d (Furr and Aldrich, 1943; Taylor and Abrahams, 1953)*
Although respiration is higher in the summer, in most temperate 
regions poor aeration occurs in winter (Furr and Aldrich, 1943;
Dowdell et a l . ,  1979a) or spring (Russell and Appleyard, 1915)> since 
the so il is  then wetter. They found that in the winter 0  ̂ concentra­
tions varied with temperature while summer concentrations were 
affected more by ra in fa ll. In his review Smith (1977) states that 
heavy clay so ils  are usually anaerobic in the winter or spring but 
peaty-gley so ils  may be anaerobic in the summer.
The variation of 0  ̂ and CÔ  concentrations with depth depends on 
changes in 0  ̂ demand and so il texture with depth, and the height of 
the water table. In typical clay so ils  in Britain where the water 
table is  high in winter, 0  ̂ concentrations decrease and CÔ  increases 
with depth (Boynton and Reuther, 1938; Taylor and Abrahams, 1953; 
Dowdell et_ a l ., 1979a). In very deep light textured so ils , such as 
those of the central Valley of California, there is often a deep 
reservoir of aerated so il, and anaerobic conditions are very much a 
surface phenomenon caused by temporary waterlogging following rain or 
irrigation  (Furr and Aldrich, 1943; Rolston et_ al_. , 1976a).
The addition of crop residues or farmyard manure to so il has 
sometimes been found to decrease 0  ̂ and increase 00  ̂ concentrations 
in the so il p ro file , by providing mineralisable organic matter and 
therefore increasing 0  ̂ demand (Epstein et a l . ,  1957; Wallingford 
et_ a l ., 1975; Focht et a l . ,  1979). The addition of liquid  manure 
(s lurry ) may have a much greater effect, since large volumes of water 
are applied as well as available organic matter. Burford (1976), who 
applied a large amount of slurry (550  t ha ^) in the spring found that 
for about two weeks gaseous exchange was prevented by the 4cm layer 
of wet slurry overlying the so il surface, leading to a decrease in 0  ̂
concentration. Thereafter, 0„ concentrations at the 10cm depth 
remained below 0.10 ml ml fo r 4 months, and then increased to 0 . 1 9  
ml ml by October. Reduced concentrations were due to the mulching 
effect of the slurry layer, reducing water evaporation and increasing 
the moisture content throughout the so il p ro file  (T h ije ll and Burford,
1975). Following the ploughing in of the slurry layer in October,
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during the winter 0  ̂ concentrations were about 0 .0 2 - 0 . 0 3  ml ml
lower in the slurried than in the control plot below the 10cm depth.
Concentrations of CO were also increased by the slurry, reaching 
-1  (L
0.17 nil ml at 10cm depth. Burford*s work illustrated  the effect 
of dumping slurry rather than using it  as a fe r t i l is e r ,  for which 
application rates of up to 40 t ha are recommended (Tunney, 1981). 
Such quantities may have a temporary effect on aeration, sim ilar to 
a heavy f a l l  of rain, but would be unlikely to have severe long term 
e ffects .
1.4* Laboratory Studies of Denitrification in Soil 
1.4 .1• Methods
Until recently, denitrification  has largely been studied by 
incubating so il -under controlled conditions. This has given much 
valuable, although not always unequivocal, information on the 
denitrification process, and the potential of various soils for  
denitrification. This work is  reviewed in Sections 1.4-2. and 1.4-3-
The use o f columns packed with so il allows the investigation  
of denitrification in conditions more like those in the fie ld , while 
allowing so il moisture content, so il N, and- temperature to be closely  
controlled. Denitrification has been investigated using columns by
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measuring the NO  ̂ concentration p ro file  (Mann s i a l . ,  1972; Ardakani 
e i â l . ,  1975; Doner s i a l* , 1975; Volz and Starr, 1977; Hynes and 
Knowles, 1980; Christenson, 1980), the 1^0 and 1 labelled N'2 
concentration pro files (Rolston s± â l* , 1976) or N20 and N2 fluxes 
(Gilliam s i S i *, 1978; Overrein, 1968). Columns of so il have been
used to investigate the fate of N in sewage effluent applied to the 
soil (Jacobson and Alexander, 1980; Gilbert s i a,l• . 1979)» and the 
population dynamics of denitrifying bacteria (Ardakani s i  â i •, 1975;
Doner s i  â l*» 1975; Starr and Parlange, 1975; Volz s i  a l* , 1975;
Volz and Starr, 1977; Christenson, 1980; Jacobson and Alexander, 1980), 
and to test models of N0  ̂ and NĤ + transport in soils (Misra et a l . .  
1974a; Starr s i  a i*» 1974; Rolston and Marino, 1976; Reddy s i  a l . .
1976).
1.4*2. The Potential of Soils fo r Denitrification
No surface so il has yet been reported as tota lly  unable to 
denitrify when incubated, although various factors, e.g. pH 
(Balasubramanian and Kanehiro, 1976), lack of organic substrate 
(Macgregor, 1972; Greenland, 1962) or lack of N0  ̂ (Macgregor, 1972) 
may severely lim it denitrification. Denitrifying bacteria were 
found in a l l  o f 19 so ils  and 5 lake sediments from 8 countries, and 
including mineral, organic and waste treated so ils , from rice paddies, 
temperate agricultural areas, and rainforests (Gamble s i  â l*» 1977)*
Even in so ils  where conditions for denitrification are found rarely, 
i f  ever, e.g. desert so ils  (Macgregor, 1972) denitrification occurs 
in anaerobic conditions. The potential fo r denitrification has been 
found in such diverse environments as tundra (Barsdate and Alexander, 
1975)» Hawaiian tropical so ils  (Balasubramanian and Kanehiro, 1976), 
spodosols and peats in South Finland (Müller s i  s i . ,  1980), solodised 
solonetz: so ils  in Eastern Australia (McGarity and Myers, 1968) and 
Ghanaian cultivated forest and old grassland so ils  (Greenland, 1 9 6 2 ) .
1.4*5* The Kinetics of Denitrification
Most research has centred on the rate o f N0T reduction rather
5
than on other stages in the denitrification process.
-19-
Since denitrification is  an enzymatic process, Bowman and Focht 
(1 9 7 4 ) suggested that NÔ  reduction would follow dual substrate 
Michaelis-Menten kinetics:
V = Vmax (C/(C+Kc) )  ([NO^ -N ]/ ([N0 3 -N] + Kjj)) 1 .14
where V is the rate of NÔ  reduction
V is  the maximum rate when neither N nor C is lim iting  max 0
C is  the concentration of the carbon source
K is the Michaelis constant for the carbon source c
[ no  ̂ - n] is  the nitrate concentration 
is  the Michaelis constant for NÔ
From theory, the Michaelis constant is  the reciprocal of the 
equilibrium constant for the formation of the enzyme complex and 
should therefore be fa ir ly  similar in a l l  so ils . Although some 
workers have reported a good f i t  to equation 1 .1 4 , reported values 
of Kjj vary widely, as shown by Table 1.1, probably because one 
condition fo r the equation to hold is that no new enzyme is  synthesised 
and the microbial population remains constant during the experiment.
Table 1.1 Reported values o f the Michaelis constant for nitrate 
reduction
Source
Reported value of Ejj 
( ng g_1)
Energy Source
Yoshinari s i  a l . ,  1977 6 with glucose
0.7 no glucose
ELemedtsson s i  a l»>  1977 4 no C sounce
Bowman and Focht, 1974 170 2 so ils with glucose
1 ,7 0 0
Michaelis-Menten kinetics simplify to f i r s t  order kinetics when 
[KO "-N ] is  much less than K^, i .e .  the rate o f reduction is  propor­
tional to the NCL concentration: 
b
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V = K [N03 -N] 1 .1 5
where V, [N0^ -N] are as above
K is  the f ir s t  order rate constant
First order kinetics were found to f i t  NO reduction for con- 
centrations up to 200 pg ml in 16 different so ils  in stirred  
suspensions by Reddy s i  ¿1 . (1982) and up to 100 pg g  ̂ by Stanford 
si a l. (1975c). Kohl s i  a l»  (1976) found lim its of 300 [ig g in a 
cultivated so il but only 10 pg g 1 in an uncultivated one. As 
predicted by diffusion theory, f ir s t  order kinetics occurs when 
denitrification is limited by diffusion, e .g. where the so il layer 
has an overlying layer of water or where NO, must diffuse into the 
anaerobic centre of an aggregate (Stanford g± a l» ,  1975h; Reddy s i  
a l» ,  1978).
Where N0  ̂ concentrations are high, equation 1.14 sim plifies to 
zero order kinetics, i .e .  the rate is  independent o f N0  ̂ concentration.
V = K 1.16
where K is  the zero order rate constant
Zero order rates have been reported at concentrations as low as 
5 pg g 1 (Patrick, i 9 6 0 ) and 3 Pg ml  ̂ (Reddy s i  a l ., 1978).
The range of rates of denitrification in incubation experiments 
is  very high (Tables 1.2-1.4 )» However, there is  no standard 
incubation procedure and d ifferent methods have been used to prepare 
so il, achieve anaerobic conditions and measure denitrification.
Rates of up to 5-3 Pg g ^h  ̂ and 16.9 Pg g "*"h  ̂ have been 
reported in the absence and presence of added energy sources respec­
tively. Müller s i  a l .  (l980) found 400-fold differences in the rate 
of denitrification in 22 so ils . Tables 1.2-1 .4 show a low potential 
for denitrification in so ils  of inherently low fe r t i l i t y  (e .g.
Müller s i  al»> 1980) and where the conditions fo r denitrification  
occur rarely (e .g . MacGregor, 1972).
Pew studies to investigate rates of N̂ O reduction have been 
carried out (Table 1.2) but rates appear to be sim ilar to those for  
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fo r the former process.
Even fo r so ils  with no added energy source, measured rates of
-1 -1 -1 - iover 1pg N g h are common -  equivalent to a loss of 3 .9kg N ha h
or 94kg ha ^d "*■ by denitrification ( i f  such a rate prevailed in the 
top 30cm of a so il of bulk density 1.3)* The implications for  
agriculture are obvious.
1.4.4» Factors Affecting Denitrification
1.4 .4 .1. Moisture Content
The effect of moisture content on aeration and therefore 
denitrification  depends on the 0  ̂ demand and supply. In work by 
Myers and McGarity (1972) N0  ̂ losses increased i f  an energy source 
was added to the so ils  at the same moisture content. In incubation 
experiments the supply depends on the 0  ̂ concentration, the volume 
of the headspace and the geometry of the so il mass, e.g. so il in a 
petri dish may be saturated but aerobic.
Denitrification has been reported at moisture contents as low as 
8-16% (by weight) (Stefanson and Greenland, 1970) and 15-20% of water 
holding capacity (Arnold, 1954; Ekpete and Cornfield, 1 9 6 4 ) .  Rates 
of denitrification increase with moisture content (Bremner and Shaw, 
1958b; Ekpete and Cornfield, 1964; Stefanson and Greenland, 1970; 
van Cleemput, 1971; Burford and Stefanson, 1973; Crasswell and Martin, 
1974; Dubey and Fox, 1974)» although rates may decrease when the 
moisture content is very high (Arnold, 1954).
Denitrification rates often increase rapidly at some c rit ica l 
moisture content e.g. at f ie ld  capacity (Westerman and, Tucker, 1978) just 
above f ie ld  capacity (Mahendrappa and Smith, 1967; Stefanson, 1973) 
at 70% of water holding capacity (Bremner and Shaw, 1958b), and at 
around saturation (Meek et ad.. 1962; Garcia, 1974).
There is  some evidence that at moisture contents optimal fo r  
denitrification NO, is  the preferred substrate, i . e .  NO builds up,
5 2
while at higher moisture contents N̂ O is  reduced as rapidly as N0  ̂
(Mahendrappa and Smith, 1967; Cho and Sakdinan, 1978). This may be 
due to slower diffusion of N^O into the vessel headspace thereby 
increasing the chance of N^O being reduced (Letey £± a l . t 1980a).
-28-
Moisture content, a ir  f i l le d  porosity and so il moisture tension 
are a ll related. Values o f a ir  f i l le d  porosity below which den itrif­
ication takes place have been quoted as 10% (20cm tension) (Letey a l .. 
1980b) and 11% for a sandy loam and 14% (40cm tension) fo r a s ilty  clay 
loam (P ilot and Patrick, 1972).-.
In incubation under He .and Ar, i .e .  where moisture content does 
not affect aeration, Mahandrappa and Smith ( 1 9 6 7 ) found that de­
n itrification  rates were unaffected by moisture content, but Cady 
and Bartholomew ( i 9 6 0 ) found a threefold increase in denitrification  
rates when the moisture content increased from 10 to 15%? probably due 
to increased mobility of N0^ . Reddy ei a l -  (1978) suggested that 
rates decreased at high moisture contents due to N0V dilution.
1.4.4*2. Temperature
The lower temperature lim it has an important influence on the
extent of the denitrification process in the fie ld . Various lower
limits between 1 and 7°C have been quoted in incubation studies
(Nommik, 1956; Bailey and Beauchamp, 1973; Bailey, 1976; Lensi
and Chalamet, 1979; Jacobson and Alexander, 1980) but significant
rates of denitrification have been measured even at 2-5°C (S%renson,
1978), at 5°C and by extrapolation at 0°C (Smid and Beauchamp, 1976),
and at 2°C (Bremner and Shaw, 1958b). Low temperatures seem to
affect NO, reduction least, since at low temperatures a build-up of 
5
N0  ̂ (Cooper and Smith, 1 9 6 3 ) and N^0 (Bailey and Beauchamp, 1973;
Bailey, 1976) has been found in so il incubations.
Some workers found an optimum temperature between .60 and 6j°C 
(Keeney a i al-> 1979; Bremner and Shaw, 1958b; Nommik, 1956) because 
some denitrifying bacteria are thermophilic and also, at high temper­
atures, N0~ formed from NO, reduction can react chemically with 
oxidised N groups to form gases (Keeney al-> 1979)• Others 
found optimum rates around 37°C (Stanford a± a l - »  1975c; Garcia,
1974).
Over the range of temperatures experienced in the so il, denitri­
fication rates have been shown to follow the Arrhenius equation
-29-
(McKenney s i  a l . ,  1980b; Nommik, 1956):
K = A exp (-E /RT) 1.17
where K is  the rate constant 
A is  a constant
is  the activation energy 
T is  the temperature (°K)
Stanford s i  a l. (l975c) found lower rates than predicted by 
Equation 1.17. at low temperatures, indicating a higher activation  
energy, and possibly therefore a different mechanism.
The ratio  of rate constants for a 10°C temperature difference 
(Q^q ) depends on the activation energy fo r a process. Quoted Q̂ q 
values fo r  denitrification vary from 1.6 to 3-2 (Nommik, 1956; 
Jacobson and Alexander, 1980; Lind, 1980; McKenney s i  a l . ,  1980b).
1.4 .4 . 3 . Cycles of Vetting and Drying and Freezing and Thawing
Rewetting dry so il stimulates respiration and organic matter
decomposition (Birch, 1958, 1959; McGarity, 1962; Cawse and
Sheldon, 1972) since drying increases the ava ilab ility  o f organic
matter (Soulides and Allison, 1 9 6 1 ; McGarity, 1962; McKenzie and
Kurz, 1976; Patten s i a l*» 1980) and by k illin g  many existing
microbes leads to a new vigorous microbial population (Soulides and
Allison, 1 9 6 1 ) .  On drying and rewetting the relative number of
n itrify in g  bacteria increases (Harpstead and Brage, 1958)» thus
releasing NO, (Cawse and Sheldon, 1972; Sculides and A llison, 1 9 6 1 ) .
5
The increase in energy source, 0  ̂ demand and N0  ̂ due to rewetting dry 
so il can increase the rate of denitrification up to threefold 
(Letey s i  a l* »  1980c; McKenzie and Kurtz, 1976). The rate of 
denitrification subsequent to storing so il in a dry condition for 
20 weeks instead of 9 days was increased by 35- 15 4% and more than 
quadrupled by storing at 100°C instead of 25°C (Patten s i  a l* > 1980).
Freezing and thawing is  now known to have a sim ilar effect, 
although to a lesser extent (Soulides and Allison, 1 9 6 1 ) ,  the effect 
being the greater, the lower the minimum temperature reached (McGarity, 
Schaefer,1 9 6 4 ) .
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1.4.4.4. pH
The pH optimum for denitrification is around 8 (van Cleemput and 
Patrick, 1974; Bremner and Shaw, 1958a). The rate of denitrification  
decreases with increasing acidity (W ijler and Delwiche, 1954; Bremner 
and Shaw, 1958b; Cady and Bartholomew, I960; Ekpete and Cornfield, 
1965; Guthrie and Duxbury, 1978), very l i t t le  denitrification occurr­
ing below pH 4-5 (Bremner and Shaw, 1958b; Dubey and Fox, 1974; 
van Cleemput and Patrick, 1974). Müller st a l .. (198O) found that 
much of the variab ility  in denitrification rates (see Table 1.3) was 
due to pH differences.
Below pH 4*5» NO and NÔ  are often found (Bollag st al . , 19 72b; 
Koskinen and Keeney, 1982; W ijler and Delwich, 1954) but this is  
probably due to the chemical breakdown of NÔ  in so ils  rather than 
true denitrification (Reuss and Smith, 1965; Nelson and Bremner, 1970; 
Bulla s i  a l . ,  1970; Balasubramanian and Kanehiro, 1976) and probably 
occurs in aerobic conditions also (Bollag s i  a l . ,  1972b).
Low pHs have usually been found to affect ^ 0  reduction more 
than N0  ̂ reduction, i .e .  higher N^O concentrations are found during 
incubations of low pH so ils (W ijler and Delwiche, 1954; Nommik, 1956; 
Hauck and Melsted, 1956; Van Cleemput, 1971; Van Cleemput st a l ..
1975; Cho and Sakdinan, 1978). However, there is evidence that this
is true only at high NO, concentrations, i .e .  the inhibition of No0
5 2
reduction by N0  ̂ is  enhanced in acid conditions (Blackmer and Bremner, 
1978; Koskinen and Keeney, 1982).
Higher pHs sometimes cause a lag  in N0  ̂ reduction and therefore 
a build up of N0  ̂ (Cooper and Smith, 1963; Van Cleemput and Patrick, 
1974).
1.4.4 . 5 * Organic Matter and Organic Matter Amendments
In incubations where NO, and pH are not the lim iting factors, 
denitrification can often be correlated with organic matter content 
(Bremner and Shaw, 1958a; Stefanson, 1975; Dubey and Fox, 1974) or 
some index o f available organic carbon, e.g. the glucose equivalent 
measured in a 0.01M CaCl2 extract (Stanford s i  a l*» 1975*0, water 
extractable carbon (Burford and Bremner, 1975; Balasubramanian and 
Kanehiro, 1976), CÔ  evolution during anaerobic incubation (Lind,
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1980) or aerobic incubation (Reddy s i a l . ,  1982). Variab ility  in 
extractable carbon accounted for most of the variation in den itrifica­
tion rates in so ils  studies by Stanford s i  al- (l975b) (see Table 1.2).
Adding glucose to so il usually increases the rate of den itrifica­
tion (Bremner and Shaw, 1958a; Stanford si al*> 1975a; Yoshinariet 
a l .. 1977; Jacobson and Alexander, 1980) and the range o f rates with 
an added carbon source (Table 1.3) is  greater than without (Table 1.2).
For example adding O.lmg g  ̂ glucose increased the denitrification  
rate 15 fo ld  in so il from a B horizon studied by Myers and 
McGarity (1972). As well as providing an energy source for the 
existing denitrifying population, glucose has been found to increase 
the population by several orders of magnitude (Ardakani et g l . ,  1975)*
Similar effects have been shown with compost (Ekpete and Cornfield, 
1 9 6 5 ) , ground clover (Broadbent, 1951)» aoJ sewage sludge and manure 
(Guenzi al*» 1978; Pomares-Garcia and Pratt, 1978). On the other 
hand, the addition of organic material o f a wide C:N ratio can 
immobilise added N and reduce denitrification. Dénitrification was 
reduced in a flooded so il by adding rice straw (Patrick and Tusneem,
1 9 7 2 ) ,  and by adding ground straw to so il prior to flooding and incubation 
N losses were reduced by 30% (Patrick and Gotoh, 1974). Such material 
can also cause fungal growth and a drop in pH, thus reducing denitri­
fication  rates (Bowman and Focht, 1974).
There is evidence that when available organic matter is  low, N0  ̂
is  preferentially  reduced leading to a bu ild  up of NOg (Volz and 
Starr, 1977)» while when readily available organic matter is  added more 
complete reduction to Ng can occur (Balasubramanian and Kanehiro,
1976; Letey £± a l . ,  1980b).
1.4 .4 . 6  Crops
The presence of plants or liv ing  roots in incubation experiments 
increases denitrification rates (Ekpete and Cornfield, 1964;
Woldendorp, 1963; Stefanson, 1972b, 1973» Cribbs and M ills, 1979) 
probably due to the increased 0g demand, and to root exudates which 
provide readily available organic matter. Stefanson (1973) found 
that plants increased the ratio of Ng to NgO produced, i .e .  they
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encouraged more complete reduction. On the other hand, Smith and 
Tiedje (1979) reported lower denitrification rates in soils with 
growing plants when NO  ̂ concentrations were low, presumably because 
the plants competed fo r NO, .
Grassland soils generally have lower NÔ  concentrations and pHs 
and there is evidence that denitrification rates are often lower in 
pasture than in cropped so ils , in spite of higher organic matter 
contents (Burford and Stefanson, 1973; Stefanson, 1976; Terry and 
Tate, 1980).
1.4.4-7 Type of F e rtilise r  and Nitrate Concentrations
As would be expected, NO, increases denitrification rates more
+  5  -  -than NH. or urea, which must f ir s t  be n itr ifie d  to N0o or NO, for4 z 3
denitrification to take place (Shwartzbeck a i  a l . ,  1961; Stefanson,
1972c; Craswell, 1979)* The relationship between N0  ̂ concentrations
and rates of denitrification was discussed in Section 1.4.3-
High N0  ̂ concentrations inhibit N^O reduction and cause a build
up of N̂ O (Blackmer and Bremner, 1976; Balasubramanian and Kanehiro,
1 9 7 6 ; Focht ei a l.*  1979; Cho, 1 9 8 2 ).  Gaskell et al* (l98 l) showed
that this was due to NO, i t s e l f  and not N0o or NO formed from NO,3 2 5
but Letey a± a l .  (1980c) present evidence that the NgO accumulation
was due to delay in N^O reductase formation, not the preferential
reduction of NO, . The inhibition is enhanced by low pHs (Blackmer 
3
and Bremner, 1978). In an acid so il (pH 5*9) N^O reduction was 
inhibited even at a N0^ concentration of 1pg g - 1, while in the same 
so il at pH 7, there was no inhibition, even at 90ng S  ̂ (Terry and 
Tate, 1980).
1.5. Field Experiments
1.5.1. Nitrous Oxide in the Soil Atmosphere
1.5*1.1. Interpretation
Small increases in N„0 concentrations above ambient concentra-
—7 —1tions in a ir  (3-36 + 0.16 x 10 ml ml quoted in McKenney a i  a l . ,  
1980b) are now easy to measure by gas chromatography. Measurement 
of N̂ O concentrations in the so il atmosphere are therefore frequently
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use d to indicate under what conditions and at what depth in the so il 
denitrification takes place. There are several reasons why these 
measurements should be interpreted cautiously.
1) Nitrous oxide can be produced by non-denitrifying N0^~ respirers 
even though it  is  not the main product of reduction (Smith and 
Zimmerman, 1981) and is  also produced during n itrification  both in 
pure culture (Yoshida and Alexander, 1970; Ritchie and Nicholas,
1972; Goreau s i  al*» 1980) and in so il incubations (Bremner and 
Blackmer, 1978» 1979; Freney, 1978, 1979; Smith and Chalk, 1980).
At low pHs N̂ O may be produced by chemical denitrification (see 
Section 1.4 .4 *4 )•
2) Since N̂ O is an intermediate, not the end product, of den itrific -
tion (Section 1.3*2) its  absence may indicate that ^ 0  is  being
reduced more rapidly than it  is  formed. Some conditions e.g. low
temperature, low pH and high N0  ̂ concentrations (see Sections 1.4*4*2,
1.4*4*4 and 1.4*4*7) slow down No0 reduction more than NO, reduction,
2 3
leading to a build up o f N^O.
3) Where diffusion is slow, e.g. when the moisture content is high,
NgO concentrations can be high even though the rate of N^O production 
is  low. For example, Webster and Dowdell (1982) showed that although 
NgO concentrations in one so il was 80 times that of another, the 
total flux of N̂ O out o f the so il, (total NgO production) was only 14 
times greater.
4 ) Diffusion of N2O may cause the gas to appear at depths in the so il 
where no denitrification is taking place (Gilliam, s i  a l* »  1978).
5) Replicate measurements of NgO concentrations may d iffe r  by more 
than a factor o f 10 since so ils  is  a heterogeneous medium (Burford 
and Stefanson, 1973» Dowdell and Smith, 1974; Fliihler s i .al*»
1976b), and have a skewed distribution which can be approximately 
lognormal (Burford and Stefanson, 1973; Fltthler- et a l ., 1976b;
Focht s i a l . ,  1979) and i t  is  often d ifficu lt  to prove differences 
between treatments. One method sometimes used to show differences 
has been to calculate cumulative frequency distributions (Fltlhler 
£i al., 1976a & b; Focht and Stolzy, 1978; Focht s i  al*» 1979)*
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1.5.1.2. Range of Nitrous Oxide
Concentrations of NO in the so il atmosphere have been recorded 
-3 -1of up to 8.J x 10 ml ml in a California so il at 10cm tension with
— _ 'Z _ 1
high N0  ̂ concentrations (Rolston et a l , ,  1976) and 2.5 x 10 ml ml 
in an Oxford clay so il in England in January (Dowdell et_ a l ., 1972).
_4 _1
However, concentrations up to 1 x 10 ml ml are much more common.
At the other extreme, interest has focussed on whether the so il 
can ever act as a sink for N^O leading to sub-ambient N^O concentra­
tions, since N̂ O has adverse environmental effects (Section 1.5.4*) 
Sub-ambient concentrations have been recorded both in incubations 
(Blackmer and Bremner, 1976) and in f ie ld  work (Pluhler et_ a l ., 1976b; 
Rolston et_ a l ., 1978a; Focht et a l . , 1979) but the analytical 
techniques of most workers were not sensitive enough to detect such 
small differences.
1.5.1.3* Relationship between Nitrous Oxide Concentrations and Other 
Measurements
There is  a general trend re lating N^O and 0  ̂ concentrations (see 
Fig. 1.1) (Burford and Millington, 1968; Dowdell and Smith, 1974; 
Rolston et a l . , 1976a, 1978a) unless some other factor, e .g. N0  ̂ , is 
lim iting denitrification (Burford, 1976; Focht et a l . ,  1979). The 
extent of any correlation between ^ 0  0  ̂ has never been s ta t is t i­
cally  investigated.
Since the measured 0  ̂ concentration is that of the macropores 
while the N̂ O originates from anaerobic microsites and diffuses into
the macropores, it  is  possible to obtain high N-0 concentrations even
-1
when the measured 0  ̂ concentration is  greater than 0 . 1 9 5  ml ml 
(Burford and Millington, 19 6 8 ; Dowdell and Smith, 1974; Burford 
et a l . ,  1975).
There is  some evidence in the f ie ld  as in the laboratory (Section 
1.4.4.1) that at very low 0  ̂ concentrations N^O concentrations are low 
because N^O is more rapidly reduced (F ig. 1.1 from Dowdell and Smith, 
1974). At very low moisture tension diffusion is  slower and N̂ O 
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Fig. 1.1. Relationship between 0̂  and N̂ O concentrations at
2 depths in a clay so il (From Dowdell and Smith, 1974)
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Where much of the so il is  consistently anaerobic, e.g. in winter
in Britain, NO  concentrations are correlated with so il N0T concen- 
k 5
trations (Dowdell and Smith, 1974; Focht et_ a l ., 1979)- At other 
times many workers have found a correlation with so il moisture 
content (Mosier and Hutchinson, 1981) or with ra in fa ll or irrigation  
events (Burford and Millington, 1 9 6 8 ; Burford and Stefanson, 1975; 
Burford, 1976).
Concentrations of N^O in the so il are not usually related to 
temperature in Britain since high temperatures do not coincide with 
low so il moisture tensions. However, Dowdell and Smith (1974) 
found some relationship at the 60cm depth in the summer, in a soil 
which did not dry out at this depth (Fig. 1.3)»
1.5.1.4. The Effect of Manure and Slurry
Farmyard manure and slurry consist of the faeces and urine of 
animals. The former term is normally applied to the solid  mixture 
formed with bedding material, and the la tter to liqu id  cattle or pig  
excretia diluted to varying extents with water. Since more than 80% 
of the N ingested by animals is  excreted, slurry and farmyard manure 
are rich in N and are therefore valuable fe r t i l i s e r s . The N in 
urine is in the form of urea, which is  rapidly converted to ammonium 
carbonate, while N in faeces is present predominantly as protein which 
has resisted digestion and is more or less combined with lignin or 
lign in -like products, or as protein in dead or liv in g  microbial ce lls  
(Catroux, 1981). In slurry, about 50-60% of the N is present as FH^+ 
(Tunney, 1981; Catroux, 1981). When slurry is  applied at optimum 
times, e.g. in the spring, when NĤ  vo latilisation  losses are low, 
the efficiency of cow slurry compared to inorganic fe r t i l is e r ,  in 
terms of plant uptake, is  around 25- 35%? while fo r p ig slurry  
efficiency may be up to 50% (Kiely, 1981; Kolenbrander, 1981a;
Tunney, 1981). This implies that the mineral N present in slurry is  
almost as e ffic ien tly  taken up as inorganic fe r t i l is e r ,  but that the 
organic N is  much less available.
While it  is  known that organic N in slurry and manures is mineral­















Fig. 1.3. Mean concentration of N̂ O in clay so il at 3 depths and 
the mean so il temperature at JOcm depth 





slurry more rapidly than farmyard manure (Catroux, 1981), there is  
some controversy over the rate of mineralisation in the fie ld .
The build up of so il N and C following several slurry applications
implies a slow breakdown or the presence o f a resistant fraction,
and in so il incubations also, slurry N mineralises only slowly (Catroux,
1981). Pratt et_ ad (1976) calculated a "decay series" fo r the mineral­
isation of liqu id  cattle manure, and found that the proportion of the 
in it ia l N mineralised in successive years was 0.75» 0-15» 0.10 and 
0.05, the f i r s t  year's figure including N present as This
indicates that about ha lf of the organic-N is mineralised in the f ir s t  
year, agreeing with other workers (Kolenbrander, 1981b; Tunney, 1981). 
Since n itrifica tion  is rapid, by comparison (Germon et a l . ,  1979)?
the NH.+ in slurry in it ia lly  is  more lik e ly  to give rise to den itri- 
+
fication than NH. released from slurry organic matter.
^  -f-
Since slurry and manure are applied to the surface, and NĤ  takes
part in exchange reactions with so il co llo ids, release of N0^ is at
the surface of the so il, and only reaches greater depths by leaching.
As Dam Kofoed (1981) has pointed out, appreciable mineralisation and
nixrification  begin la te r in the season than crop uptake, but continue
later, so that NO, thus formed may be available for denitrification  
3
over the ensuing winter (Fig. 1.4)«
Rolston et_ ad .(1978) applied 34 t ha  ̂ of manure to plots maintained
at 1.5 and 7*0 kPa tension by irrigation . They found that at 1.5 kPa
N^0 concentrations were s ligh tly  higher than in an untreated control
plot, while at 7*0 kPa concentrations were over twice as high, even
- 1following the application of 300 kg N ha as N0  ̂ . The effect of
the manure was therefore to create more anaerobic conditions, as well
as increasing N0  ̂ concentrations. Similarly, Focht et a l . (1979)
found that manure increased 1L0 concentrations when NH.N0, fe r t i l is e r2 4 3
was also applied. Wallingford et al. (1973) did not add inorganic
fe rt ilis e r , but found that at high rates of manure application
*1 *1(306 and 687 t ha a ) in irrigated plots N̂ 0 concentrations in
the so il p ro file  were increased compared with a control plot during
the summer, resulting from increased NO concentrations, but at




























F i g .  1 . 4 .  Pattern  o f  a v a i l a b i l i t y  and uptake o f  mobile n i t rogen over a t yp i ca l  
annual c y c le .
(from Dam Kofoed, 1981)
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Slurry is  more lik e ly  to give rise  to denitrification since
the water applied may it s e lf  create anaerobic conditions (see
Section I . 3 . 3 ) .  Burford (1976) observed an immediate appearance
_1
of N^O to a depth of 4 0 cm after the application of 550 t ha as
slurry (F ig . 1.5)* This must have come from the ex isting  NÔ ,-
in the so il, since slurry contains no NÔ ,- . During the f ir s t  two
months, NÔ , concentrations f e l l  to almost zero, since the intense
reducing conditions favoured denitrification and reduced n itrification
either by a direct effect or by inhibition due to gaseous sulphur
compounds formed from the slurry. Concentrations of NO,-  only
5
increased when aeration improved in May allowing n itrification  to 
take place. This increase occurred only in the surface so il, 
demonstrating that NH.+ from the slurry had not been translocated down-
4.
wards. Correspondingly the in it ia l large concentrations of NĤ  
in the surface so il had largely disappeared by October. During the 
summer N̂ O concentrations were generally low, but by the winter 
N0  ̂ had leached as fa r  as the 60cm depth, and high N^O concentrations 
were found over the winter at depth in the so il. Burford’ s scheme 
for the effects of the application is illustrated  in Fig. 1.6.
Slurry applied at lower rates, suitable for fe rt ilisa tion  rather 
than waste disposal, would be unlikely to have such drastic effects 
on ^ 0  concentration, since there would be no slurry layer and 
therefore no long term aeration effects.
1.5.1.5» Nitrous Oxide Concentrations in British Soils
In spite of low temperatures and, often low N0^ concentrations, 
the wet conditions in winter give rise to higher N^O concentrations 
than in the summer (Dowdell et a l . , 1972; Burford, 1976). Looking
at several years* data from heavy textured soils Burford et_ a l . (1978a)
& b) concluded that high N̂ O concentrations persisted for 2 - 6  
months during the winter, depending on ra in fa ll. High NgO 
concentrations are associated with low so il moisture tensions and 
tend to increase with depth in the pro file  (Dowdell ejt al_., 1972; 
Dowdell and Smith, 1974; Burford, 1976). When warmer temperatures
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5- N^O in the so il atmosphere under the control plot 
(o— «) and under the heaviest slurry application  
(•——•) (from Burford, 1 9 7 6 )
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Depth Zone of intense reducing activity 
Nitrate does not accumulate, 
leached nitrate is denitrified.
Nitrate accumulation
Nitrate accumulates • in surface soil due 
to nitrification. Nitrate decreases due to 
leaching; slight losses as N jO . by 
denitrification at high moisture conter,:
Nitrate accumulates • in subsoil due to 
leaching; larger denitrification loses
Time
Fig. 1.6- Diagram illu strating  the pattern of nitrate accumulation 
and loss following a heavy slurry application 
(from Burford, 1976)
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giving rise to higher NO concentrations, No0 concentrations are
3 2
sometimes also high (Dowdell and Smith, 1974). During the summer, 
^ 0  concentrations in the surface so il may increase in response 
to temporary reductions in 0  ̂ concentrations following ra in fa ll.
Generally, high N̂ O concentrations are associated with heavy 
textured so ils  and, where drainage is  good, N̂ O concentrations 
remain close to ambient (Burford, 1978a).
1.5*2. Methods of Measuring N Losses by Denitrification in the Field
The extent of denitrification in the f ie ld  can be estimated 
indirectly from the difference between the fe r t i l is e r  N applied and 
that recovered from the so il and crop, and leached below the root 
zone (e .g . Meek et a l . , 1962; A llison, 1 9 6 6 ) .  When labelled  
fe r t i l is e r  is  used N immobilised in so il organic matter can also bè 
taken into account (Chichester, 1978; Kowalenko and Cameron, 1978; 
Jolley and Pierre, 1977; Craswell, 1979; Rolston et_ a l ., 1976a,
19 79 ) .  The assumption that the remaining N has been lost by 
denitrification is  not always valid  since N̂ O can be lost during 
n itrification  and NĤ  lost by vo latilisation , and factors such as 
run-off may not be accounted fo r. The large errors in each factor 
in the difference equation, particularly  leaching, mean the fin a l 
error in the estimation of denitrification is large.
Direct measurement of denitrification involves measuring the flux
of N̂ O and N  ̂ gases at the so il surface. However, it  is d ifficu lt
to measure N_ flux  in the presence of ambient concentrations of
0.78 ml ml in the atmosphere. Two methods have been devised
to circumvent this problem, involving the use of the inhibition of
15N̂ O reduction by or the use of N labelled fe r t i lis e r .
Acetylene inhibits N20 reduction without affecting N20 production 
(see Section 1.2.4-1) and therefore in the presence of a l l  N
flux by denitrification is  as N^O. However, i t  is  technically
d ifficu lt  to establish adequate Ĉ Ĥ  concentrations in the fie ld .  
Patriquin et a l (1978) used so il covers pushed into the ground and 
added to the headspace (0.1 ml ml 1) but this could only have
affected the so il enclosed by the walls of the cover. Rolston et al
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(1980) and Colbourn and Harper (1982) enclosed the so il by a cover
sunk 25cm into the ground and passed slowly through 1m deep
perforated p lastic tubes in the so il. Ryden et_ ad. (1979b)
allowed to diffuse rad ia lly  into the so il from "columns" of
arranged around a so il cover, the being supplied from
probes passed into the "columns", and therefore without causing
mass flow. Measured concentrations of in the so il p ro file
agreed well with concentrations calculated from diffusion theory and
even at an a ir  f i l le d  porosity of 0.1 ml ml 1 CQH concentrations of 
- 3 - 14 x 10 ml ml were established in the macropores within an hour.
Theory would predict that 20 min. is  sufficient time for to
diffuse into aggregate centres. Time should then be allowed for
the increased N-O flux to reach an equilibrium (Ryden, 1981).
The inhibition by 0̂ 3.̂  °^ n;*-trification (Section 1.2.4 .4) may
lead to lower N0  ̂ concentrations and therefore less denitrification.
Although Ryden (1981) recommended changing the position of the cover
fo r every measurement, even when this was not done and NH fe r t i lis e r
2
was applied, there was close agreement between denitrification  
measured directly and by difference (Ryden and Lund, 1980a) and in 
another study NH^+ and N0  ̂ concentrations in the profile  of 
treated and untreated areas were not sign ificantly  different 
(Ryden and Dawson, 1982).
Since N^O i s m0re soluble than the use of may under­
estimate flux i f  dissolved NgO leaches from the so il pro file  (Dowdell 
et a l . , 19791»).
In the laboratory, can eventually become ineffective as an
inhibitor (see Section 1.2.4.1) and in the f ie ld  Rolston et_ a l . (1980) 
found evidence of microbial adaptation after 4 to 5 weeks, but Ryden 
and Lund (1980a) found no such effect. In 48h incubations of so il 
previously repeatedly treated with in the fie ld , carried out by
Ryden and Dawson (1982), C^E  ̂ was s t i l l  effective as an inhibitor. 
Studies in the laboratory have shown that bacteria exist which are 
able to use as a carbon source. However, Ryden and Dawson
(1982) found no disappearance of in their incubations.
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The use of N enriched fe r t i l is e r  allows the measurement of
N̂ O and flux and has been more widely used than the method
(Dowdell and Webster, 1976; Rolston and Broadbent, 1977; Focht
and Stolzy, 1978; Rolston et a l . ,  1978a, 1980). However, the flux
of ^  measured is only that from applied fe r t i l is e r  and not from
native so il N or added organic substances, and large amounts of
fe r t i l is e r  must be used. Dimmer et a l. (1982) recently published
details of a novel approach which circumvented these drawbacks.
They flushed the so il enclosed in a double walled microplot with a
15mixture of He and 0  ̂ and then introduced a spike of N labelled
and- measured the dilution o f the labelled in the flux out of
the so il. However, the flushing process alters the aeration status
of the so il.
1 5Since N-enriched fe r t i l is e r  is  expensive only small plots can
normally be used.
In an experiment using N and C^Ĥ  methods (Rolston et_ a l . ,
1980) the measured flux for the two methods differed on any one
occasion, although the flux integrated over time was similar; the
differences could be accounted for by plot differences, since only
one plot was used for each treatment. They suggested that differences
were due to a delay in the flux  of N9 compared with N^O. They
15estimated that the lim it of detection for the N method was
0.1-0.2kg N ha "'d "* and for the C^Ĥ  method 0.001kg N ha "'d ^.
The greater sensitivity, lower cost and greater versatility  of
15the C^Ĥ  method give considerable advantages over the N method.
The four main methods for direct measurement of N fluxes are 
reviewed below.
1.5*2.1. The Micrometebcorological Method
This method uses measurement of the ^ 0  concentration profile
above the ground and vertical wind speed pro files to estimate the
flux of from the ground surface (Thom, 1975)* Since the flux
measured is  an average over a large area, there is no need for time
consuming replication (Hutchinson and Mosier, 1981) but it  cannot
15be used with either the N or the Ĉ Ĥ  method to measure total
1 5
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-1 -1denitrification and is only sensitive to fluxes over 0.5kg N ha d 
(Mosier and Hutchinson, 1979)»
1.5.2.2. Methods Based on Diffusion Theory
The flux of can be calculated from the N^O gradient at the
soil surface and the diffusion coefficient, using Fick's 1st Law
(Equation 1.4)« This is  valid  only i f  there is a steady state and
no No0 production in the depth over which the gradient is  measured.
The method has been used by Burford and Millington ( 1 9 6 8 ) and
Burford and Stefanscn (1973)» using Shearer, Millington and Qpirk's
equation ( 1 9 6 6 ) to estimate the diffusion coefficient from toxal and
a ir - f i l le d  porosity, and by Rolston et_ a l . (1976a) who determined the
diffusion coefficient d irectly  by a laboratory and fie ld  method.
It is  d ifficu lt  to measure the concentration gradient accurately
because of the spatial v a riab ility  of -N̂ O concentrations and the
d ifficu lty  of determining over what depth the concentration gradient
is linear (Kimball, 1978; Rolston, 1978b). Thus although the
method involves a minimum of disturbance to a plot and allows
measurement of the total denitrification by either the C_H? or 
15N method, it  has not been widely used.
1.5*2.3 . Closed Canopy Method
An area of so il is  covered with a canopy, the bottom rim of 
which is pushed into the so il, allowing gases diffusing out of the
soil to build up in the headspace. Variants of the method have been
used for measuring fluxes of and NO ,̂ involving absorption of the 
gases in traps inside the canopy (e .g . Kim, 1973) a*11̂  to measure the 
flux of (Conrad and Seiler, 1979). Flux (F) is  calculated from
the equation:
F = VAC. x 273/AtT 1.18
(Ryden, 1981) 
where : V is the volume under the cover
A is the area of so il enclosed by the cover
AC is the concentration change over time, t
T is  the temperature of the a ir  within the cover (°K)
-47-
The methods allow direct and rapid measurement o f very low
fluxes without relying on the estimation of other parameters and
1 9can he used with either the or N method to measure total
denitrification. However, the environment within the canopy
d iffers in several important respects from that of uncovered ground.
For example, the temperature within the canopy may d iffe r from
the above-ground temperature of the rest of the p lot. Methods to
counter this have included shading the canopy (Findlay and McKenney,
'1979)» using thermal instillation and radiation shielding (Hutchinson
and Mosier, 1979)» and. using a "styrofoam" canopy (Mosier and
Hutchinson, 1981). Where the canopy is opaque, temperature
differences between the inside and outside of the canopy have been
less than 3°C (McGarity and Rajaratnam, 1973» Lenmead, 1979a;
Matthias et a l . , 1980).
The "pumping action" of a ir  turbulence on so il gases can cause a
flux several times greater than that by diffusion alone in bare so il
(Kimball and Lemon, 1971)» hut under a closed canopy this cannot
occur and a period of equilibration is necessary so that N̂ O
concentrations build up to maintain a similar flux to that of
surrounding so il (Mosier and Hutchinson, 1981). Most workers have
not taken this into account but Mosier and Hutchinson (1981) included
a special vent in the design of their cover to transmit pressure
fluctuation without allowing N^O to escape from the headspace.
The concentration of 0  ̂ in the headspace may f a l l  as 0̂  diffuses
into the ground and this may lead to more anaerobic conditions.
McGarity and Hauck (19 6 9 ) maintained ambient 0  ̂ concentrations under
their cover using polarographic 0  ̂ sensors with a relay operated
solenoid to inject 0  ̂ into the cover but other workers have not
compensated for this factor.
15When N^O or build up under the cover, the concentration
gradient and flux is  reduced (Matthias et_ a l ., 1978). Although, as
15a resu lt, concentrations of N^O or then increase in the so il to
maintain the flux, this means that a steady state is  never achieved 
(Lenmead, 1979a) and the higher N20 concentrations may increase the 
rate o f N20 reduction. For this reason measurements should be made 
as soon as possible after closing the cover, during the period when
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the concentration in the headspace is increasing lin early  (McKenney 
et a l . , 1980a; Denmead, 1979b; Findlay and McKenney, 1979;
Webster and Dowdell, 1982).
Attempts have been made to correct the flux measured for this 
factor. Rolston et_ al_. (1978) used the concentration of N̂ O in the 
headspace, and at 2cm depth in the so il (5 rep licates), to estimate 
the diffusion coefficient, and used this and the concentration at 2cm 
(assuming it  did not change while the cover was in place) to correct 
the flux . Hutchinson and Mosier (1981) devised an elegant solution, 
requiring measurements of the N^O concentration under the cover at 
3 times (t  = 0, t^, and 2t-^), and the solution of d iffusion equations, 
to estimate flux at t = 0.
A -j
Ryden (1981) has estimated that rates as low as 3 n 10 kg I  ha
-1
d can be measured by this method.
1.5*2.4- Canopy Method Involving Continuous Flow
In the continuous flow method a ir  is drawn through the canopy
and the effluent gases are either measured directly, or after
trapping in some suitable material, so that concentrations of gases
in the headspace of the canopy are close to ambient. This means
that continuous monitoring is a possib ility  (Cochran et a l . , 1981).
15The method has not been used to measure the flux of N -labelled
since cannot easily  be trapped and concentrations are too low to
be measured in the effluent gas stream, but has been vised in
conjunction with the C^H  ̂ method to measure total denitrification
(Ryden et a l . ,  1979b, 1980a, 1983)*
Denmead ( 1979a & c) measured the N̂ O concentration in the effluent
gas directly, using a non-dispersive in fra-red gas analyser which can
—8 —1measure ^ 0  concentrations as low as 1.2 x 10 nsl ml . Ryden has
developed a method of trapping in 5  ̂ (5 x ”10 ^m ) molecular sieve
(m .s.) a fter removing moisture and C0o from the gas stream. The
4 - 1
traps were effective for 4 hours at a flow rate of 2 x 10 ml h for  
the range of fluxes which occurred. In the laboratory the m.s. was 
emptied into a flask which was then evacuated, and water was added 
to release trapped ^ 0  (Dowdell and Crees, 1974). A fter allowing 5h
-49-
for equilibration, samples from the flask were analysed for ^ 0
(Ryden et a l . ,  1978, 1979b; Ryden and Lund, 1980a & b; Cochran
et_ a l ., 1981; Ryden and Dawson, 1982; Ryden, 1983) -
One advantage of the continuous flow method is that since the
canopy is open, the so il is  subject to pressure fluctuations similar
to those for so il outside the cover (Ryden, 1981).
The flow of gas through the cover creates a small pressure
d ifferentia l which depends on the flow rate and the in let size,
and can cause mass flow of gases from the so il p ro file . Kanemasu
et_ a l . ( 1974)5 measuring CÔ  fluxes, found that internal pressure
differing by as l i t t le  as 0.1 Pa could cause flux differences of
almost an order of magnitude, but Ryden et_ a l . (1978) and Denmead
(1979a) showed that fo r pressure deficits below 5 x 10 Pa, there
was no effect on NO flux. Using 0.64cm diameter ports at a flow
4 -1rate of 2 x 10 ml h the pressure defic it was low enough not to 
affect N^0 flux (Ryden, 1978).
The continuous flow method has the advantage of requiring only 
one measurement and needing no correction factors.
1.5.3. Results of Field Measurements of Denitrification
The results of some fie ld  experiments where N̂ O flux and total 
denitrification have been measured directly are summarised in Table 1.5*
In most cases only NO flux was measured. Fluxes of up to 7*5kg N
-1 -1 -1 -1ha d for N^0 and 66kg N ha d for N^0 plus N  ̂ have been recorded
(Rolston et a l . , 1980). In one experiment a loss of 223kg N ha ^
was recorded (Ryden and Lund, 1980a). In general, large losses
occurred during periods of high temperature in so il under irrigation
receiving large applications of fe r t i lis e r  N (e .g . Ryden and Lund,
1980a,b; Rolston et a l . , 1976a, 1978a, 1980). In a typical British
-1 -1so il, Ryden (1983) showed that losses of more than 0.2kg N ha d
occurred when the so il water content was greater than 20%, the NO
-1 ^concentration in the top 20cm was more than 5bg N g , and the so il 
temperature at 2cm exceeded 5°C.
High losses of N by denitrification have been recorded in the 
summer where the so il moisture tension was held constant by irrigation
-50-
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in California (Rolston et a l . ,  1978a, 1980) and in an unusually wet
English summer (Ryden, 1983)• However, in rain-fed agriculture most
workers have reported the highest fluxes in spring (Kowalenko and
Cameron, 1978; Burford et a l ., 1978b; Denmead et a l ., 1979c;
McKenney et a l . ,  1980a; Burford et a l . , 1981 ; Webster and Dowdell,
1982) or in autumn (McKenney et_ ad., 1980a; Colboum and Harper,
1982; Armstrong, 1983) i .e .  at times when the so il is  at low moisture
tensions and temperatures warm enough for microbial activity. In
winter, fluxes are low (Burford et a l ., 1978b; Denmead et a l . , 1979c;
Durford et a l . ,  1981; Webster and Dowdell, 1982; Armstrong, 1983;
Ryden, 1983) in spite of the fact that N̂ O concentrations in the
so il p ro file  are usually highest in winter (Section 1.5.1.5)*
This apparent anomaly is probably because low moisture tensions in the
winter lead to low diffusion coefficients, reducing the flux of ^ 0 *
Thus high N̂ O concentrations in winter do not imply a high rate of
N̂ O production in the so il.
The addition o f manures or plant residues has been found to
4 -1increase N flux. In one study, the application of 3*4 x 10 kg ha 
of manure prior to fe r t i l is e r  addition caused a sixfold increase in 
denitrification compared to fe r t i l is e r  alone (Rolston et_ ad., 1978).
The incorporation o f celery residues gave rise to a doubling of 
denitrification rates (Ryden et a l . ,  1979b).
Eollowing the application of about 90 t ha  ̂ a  ̂ of pig slurry 
for a 4 year period Vetter and Steffens (1981) estimated denitrification  
losses by difference, allowing for leaching and HĤ  volatilisation , 
and found that 26% of the added N was lost by denitrification.
Sanders (1980 -  quoted in Dowdell, 1981) measured N„0 emission
-j
directly, following the application of ammonium nitrate (65 kg K ha )
or an equivalent amount of mineral N as slurry (total N 122 kg N ha ).
Fluxes of Nq0 were much higher (up to 52 g N ha  ̂ h ”* ) with mineral
—  1 —1
fe r t i lis e r  compared to slurry (up to 5 g U ha h ) and resulted in 
the loss of 3% of the applied N from inorganic N compared to 0.4% 
of N applied as slurry.
Fluxes of N20 and N2 are usually highest in the f ir s t  few days 
following the application of fe r t i l is e r  i f  conditions are wet, but
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re turn to "background levels a fter 1-4 weeks (Rolston et a l . ,  1978,
1980; Mosier and Hutchinson, 1981; Webster and Dowdell, 1982;
Armstrong, 1985; Ryden, 1983). During the time when NO,
5
concentrations in the so il are high, fluxes are high following
irrigation  or ra in fa ll (Denmead et a l ., 1979c; Hutchinson and Mosier,
1 9 7 9 ; Mosier and Hutchinson, 1981; Rolston et a l . , 1980; Ryden and
bund, 1980a & b; Webster and Dowdell, 1982; Ryden, 1983). Background
rates for total denitrification in two soils have been given as
10-20 g N ha  ̂ d  ̂ (Ryden, 1982) and for NO  flux up to 4-8 g N ha  ̂ d
—  1 —  1
(Webster and Dowdell, 1982) and 1 g N ha d (Armstrong, 1983).
It has been shown that fluxes vary dium ally -  the flux at 
midday was 5 times greater than that at midnight (Denmead et_ a l . ,
1979b). The flux is usually greatest during the afternoon when 
the temperature is  highest (Ryden et_ a l ., 1978; Mosier and 
Hutchinson, 1981).
Since both N0  ̂ and N̂ O concentrations in the so il have a high 
spatial va riab ility  (see Section 1.5.1.1)» i t  is not surprising that, 
for fluxes of N^O, coefficients of variation ranging from 23-7 to
77% have been reported (Ryden and Lund, 1980b; Hutchinson and
Mosier, 1979; Mosier and Hutchinson, 1981).
Since, up to now, few studies have measured total denitrification  
as well as N^0 fluxes, it  is  d iff ic u lt  to draw conclusions about the 
ratio of N  ̂ and N̂ O fluxes. From a compilation of about 20 studies 
CAST (1976) suggested an average ratio of about 16 for denitrification  
in a g r icu ltu ra l so ils . In California the ratio of N  ̂ to N^0 flux  
in two studies was found to vary from 2.3 to 8 . 4  (Ryden and Lund, 1980a) 
and 2.7 to 22 (Rolston et a l . , 1978, 1980). Higher values of the 
ratio corresponded to more extreme reducing conditions, e.g. following 
irrigation  (Rolston et_ a l ., 1980) and in the autumn, when 
temperatures were high enough to cause a high 0  ̂ demand, rather than 
in winter (Ryden and Lund, 1980a). In one study in England in winter, 
in undrained so il the N  ̂ to N^0 flux ratio for overall N losses was 
about 37» whilst in a drained so il of the same series v irtually  a l l  
flux was as N^O (Dowdell, 1982). Colboum and Harper (1981) found 
flux ratios of 7-10 in their study. In an English grassland so il
with low NO, concentrations and a moisture content greater than
5
0.25ml g the ratio was above 5*7 while at high NO, concentrations
3
lower ratios were usually recorded (Ryden, 1983)* He attributes
this to the inhibitory effect of NO, on No0 reduction (Section5 2
1.4.4.7).
—  1 “ 1There has been one report of a "negative flux" (0.6kg N ha a ),
1.e. a net absorption of N^O by the so il. This was for a plot which 
had received no fe r t i l is e r  (Ryden, 1983).
1.5.4. Sumraany and Implications of the Results of Field Experiments 
The experiments reviewed above have shown that ideas developed 
in laboratory studies are valid  also in the fie ld . They have 
demonstrated the extent of denitrification losses, and begun to high­
light some of the management practices affecting losses.
As yet, few studies have investigated losses of N by d en itr ifi­
cation d irectly  in British so ils  and none at' a l l  in Scottish so ils . 
However, many U.K. studies indicate an average take-up of around $0% 
of added fe r t i l is e r  by the crop (Dowdell, 1982). Given that the 
so il organic N content is largely constant, this would indicate that 
large losses o f N are taking place either by leaching or denitrification. 
In natural ecosystems, losses of N by denitrification are likely
to be small, since under such systems NO, concentrations tend to be
3
low -  i .e .  the N cycle is  largely  a ‘closed cycle* with N circulating  
between plants and so il. Modem agricultural practices involving 
the addition o f large amounts of industrially fixed N have created a 
much more open cycle. This represents not just a wasteful use of 
energy and money but also a potential environmental hazard, since 
N^O is  known to destroy ozone in the upper atmosphere which gives 
protection from harmful u ltra -v io let radiation (Crutzen, 1974;
McEiroy et a l . ,  1976, 1977; Liu, 1977) anH may contribute to the 
so-called "greenhouse effect", (Wang et a l . , 1976). The further 
development o f methods to quantify denitrification losses, and 
management practices to minimise losses, is  therefore of great 
importance.
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1.6. Introduction to Experimental Work
Since there is now a considerable literature on denitrification
in laboratory experiments, it  was decided in this study to concentrate 
on fie ld  based experiments. In it ia lly  concentrations of 0  ̂ and N̂ O 
were measured in a so il p ro file  over a period of 2 years as an 
indicator of the occurrence of denitrification. Since a high degree 
of replication was required, it  was possible to use only one fie ld  
site , and an imperfectly drained pasture so il was chosen as being 
typical of so ils  of the Eastern lowlands of Scotland. The study 
incorporated the use of both inorganic and organic fe r t i l is e r  (as 
calcium nitrate (Ca(N0 ^ ) 2  and cow slurry respectively) as well as 
control plots receiving no fe r t i l is e r ,  with applications at various 
times of the year. This enabled a qualitative comparison to be made 
of the treatments used as well as showing when denitrification was 
most lik e ly  to take place.
By measuring gas diffusion coefficients in the so il, an estimate 
could be made of the lik e ly  flux of N̂ O during the two years for which 
data were collected. This did not allow the calculation of den itrifi­
cation from fluxes.
Supporting laboratory experiments were also carried out to measure 
rates of N0  ̂ and N̂ O reduction in so il from the f ie ld  site.
During the course of the experimental work, reports of new tech­
niques to measure fluxes of N and N_0 by using CLH inhibition of
15N̂ O reduction and N labelled fe r t i l is e r  began to appear in the 
literature. An experiment was therefore carried out using the Ĉ Ê  
technique to measure fluxes of and in enclosed microplots.
Prior to setting up the f ie ld  experiments, the technique was
evaluated in the laboratory. During the course of this work it  
became clear that effects on so il respiration. Although
this was not directly related to denitrification, it  was fe lt  that the 
process warranted further investigation since it  had not been widely 
reported. Some experiments were subsequently carried out to find  
out whether these effects were due to Ĉ E  ̂ consuming organisms, and 
to isolate such organisms.
Fluxes of and N^O from the fie ld  site  were measured over a 
13 month period, during which applications o f inorganic fe r t i l is e r  and 
slurry were made at intervals. At the same time 0  ̂ and N̂ O concen­
trations in the so il p ro file  were measured.
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2. PRELIMINARY FIELD EXPERIMENT
The preliminary f ie ld  experiment was carried out during the 
autumn, winter and spring of 1978/79 for several purposes. It  was 
used to establish suitable methods o f collection and analysis of 
-■NpO, 0^, and C02 in the so il p ro file  and to obtain some information 
on the concentrations o f the gases at different depths and following 
treatments with different sources of N. The frequency distributions 
of the gas concentrations were examined in view of published reports 
of non-normal distributions, particularly of N^O (see Section 1.5.1.
1 .).  The experiment also served the purpose of assessing at which 
time of the year, and at which depth, the highest N^O concentrations 
were to be found in the so il p ro file  and how concentrations varied 
with measured 0  ̂ and CÔ  concentrations. Available nitrogen in the 
pro file  and nitrogen uptake by the herbage were also measured.
The information gained was used to design a suitable experiment 
fo r the following season.
2.1. Field Site
The site chosen was part of a f ie ld  at Langhill Farm, near Roslin, 
Midlothian at a height of 168m (500*) above sea level. The area 
experiences an annual average ra in fa ll o f 905mm (Meteorological records 
for the Bush station which is within two miles of the site and at the 
same height above sea le v e l).
A pasture consisting of perennial ryegrass and wild white clover 
had been sown in 1975 subsequently the grass had been used for 
grazing and as a hay crop. Tile drains had been installed before 
1950 at greater than the 60cm depth and ran across the fie ld  plot.
The so il was of the Macmerry so il series, an imperfectly 
drained so il o f the Vinton Association (a stagnogleyic brown earth, 
according to Avery's (1980) c lassification ). The parent material 
was a partia lly  sorted t i l l  of carboniferous sediments overlying a 
clay loam t i l l .  The p ro file  description below is  taken from the 
Soil Survey Memoirs (Ragg and Futty, 1967) a11*! is  typical of the 
f ie ld  site . (Plate 2.1)
Plate 2.1. Soil profiles from 
the field plot
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Dark grey brown (10YR 4/2 ) sandy loam; medium 
blocky; fr iab le ; mod. organic C; abundant roots; 
occasional stones; no mottles; clear change into 
Yellowish brown (10YR/ 5/4) sandy loam; coarse 
blocky; weakly indurated; firm; occasional 
roots; frequent stones; prominent strong brown 
( 7 . 5YR 5/8) mottles, coarse pinkish grey (5YR 6/2 ) 
streaks; occasional black manganiferous concretions; 
sharp undulating change to
Reddish brown ( 5YR 5/4) clay loam; coarse prismatic; 
plastic; roots rare; frequent stones; frequent 
strong brown ( 7 .5^  5/8) and pinkish grey (5YR 6/2 ) 
mottles and black manganiferous concretions; gradual 
change into
Reddish brown ( 5YR 5/4) clay loam; massive; firm; 
stones; faint strong brown (7-5^R 5/8) mottles and 
few grey (5YR 6/1) streaks; manganiferous staining.
2.2. Methods
A J>Om x 14m site was chosen in a part of the f ie ld  with no 
gradient, and enclosed by a fence to keep out stock. Preliminary 
analysis of the so il from the plot is  given in Table 2.1. Three 
plots of 10m x 8m were la id  out within the site, allowing 1m between 
the plots. Within each plot 12 so il atmosphere sampling probes 
(see Appendix 1) were installed in 4 rows of 3 probes, with one probe 
in each row randomly allocated to each of 3 depths: 1 5 » 50 and 45cm
(Pig. 2.1).
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On 4th September 1978 a large application of slurry, 27*5 1 ®
(fo r  analysis see Table 2.2) was made to Plot 1. Inorganic nitrogen 
fe r t i lis e r , as calcium nitrate, was applied to Plot 2 on 5 ^  September 
at a rate equivalent to 100kg N ha (Appendix 4 ) .
Gas samples were taken on the f i r s t ,  third and seventh day 
following the application o f slurry and fe r t i l is e r  and thereafter 
weekly (Appendices 1-5)*
On 25th September and 12th June 8 cores were taken from each plot 
and ammonium (NĤ j*) concentrations were determined in samples from the
S 0~30cm
B2 ( g ) 50-51 cm
B5(g) 51" 76cm
° (g )  76cm+
Soil atmosphe 
Probes
Pig. 2.1. Layout of preliminary fie ld  
experiment




Table 2.1 Preliminary analysis of so il from fie ld  plot 


















0-10 6*3 7.06 0.27 58*4 22.1 19*5 Sandy loam
10-20 6.4 6*55 0.24 58*5 24*0 18.5 Sandy loam
20-30 6.5 6.24 0.23 58.0 23*0 19*0 Sandy loam
30-40 6.6 1*55 0.07 54.0 24*0 22.0 Sandy clay loam
(a ) 30g so il to 75ml water
(b ) Tinsley's method (Tinsley, 1950) as modified by Bremner and 
Jenkinson ( i 9 6 0 )
(c ) Microkjeldahl digestion using 0.5g finely  ground so il, 5cm̂  
concentrated sulphuric acid and 1 "K jeltab". Nitrogen in the 
digest was determined as described in Appendix 5*
(d) USDA size lim its
Table 2.2 Analysis of slurry applied on 4*9*78
Nutrient Content (mg ml ^)
_ - j
Nutrient Applied (kg ha )
Nitrogen 4*50 1,227
Phosphorus 0.56 152
Potassium 2 . 5 2 687
slurried and control plots, and nitrate (NO  ̂ ) concentrations determined 
in a l l  samples (Appendix 6 -  method 1 was used for NĤ " analysis ).
The grass was cut on 2 5th September, 6th November, 11th June, 
and 2nd July; total yield and nitrogen (N ), phosphorus (P ), and 
potassium (K) contents were determined fo r each plot (Appendix 5)*
2 . 3 . Herbage and Soil Analysis
Herbage analysis (Table 2*3 and Pig. 2.2) showed increased yields 
in both the fe rt ilised  and slurried plots in the two months following 










Fig. 2.2. Nitrogen recovered in herbage (cumulative) 
A A fe rt ilised  ▼------▼ slurried •------ control
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no t affect so il N uptake, 40% of the applied N was taken up by the 
grass. The slurry continued to increase the yield of herbage in 
1 9 7 9 - The proportion of applied N from slurry recovered in the 
herbage (4*1%) was small compared to quoted percentage recoveries 
(15%) for slurry applied at optimum times (Kiely, 1981; Tunney,
1981). However, recovery rates for applications much larger than 
the recommended rate of 30-40^ha  ̂ (Tunney, 1981) have usually 
been low (Spallacci, 1981), and are lower fo r autumn or winter 
applications (Kiely, 1981).
Table 2.5 Herbage analysis














2 5th Control 570 3.36 0.44 3.12 12.4 1.62 11.5
Sept Slurry 586 4.39 0.45 3.27 25.7 2.61 19.2
Inorganic
F ertilise r
770 4-59 O.42 3-57 35-3 3.20 27.5
6 th Control 188 3.17 0 . 3 8 2 . 7 6 6.0 0.71 5-2
Sept Slurry- 500 3.47 0 . 3 2 3.13 17.4 1.61 15.7
Inorganic
F ertilise r
563 3.92 0.34 3.18 22.1 1.89 17.9
11th Control 1637 2.44 0 . 2 3 1.71 39.9 3-83 28.0
June Slurry 1950 2 . 9 8 0 . 2 5 2.02 58.1 4.82 39.4
Inorganic
F ertilise r
1262 1.75 0 . 2 4 1. 8 9 22.1 3.07 23.9
2nd Control 575 2.16 0 . 3 0 1.81 12.4 1.71 10.4




















Soil analysis showed that three weeks after the slurry application,
NH.+ concentrations even in the surface so il were low, in contrast to
4 + the results o f T h ije ll and Burford (1975) who found high NĤ  concen­
trations in the surface so il fo r several months following a large 
slurry application (Table 2 .4 ). This would either indicate very 
rapid n itrification , or rapid leaching of the liquid  fraction o f slurry- 
through almost saturated so il. The high concentration at the
40cm + depth and increased N0^ concentrations to a depth o f 4 0cm
indicate rapid movement of the slurry. The slightly  higher NO.,
5
concentrations in the slurried plot than in the control, observed in 
samples taken the following summer, were probably caused by mineral­
isation of organic N from the slurry.
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Table 2.4 Soil analysis: Exchangeable Ammonium
Exchangeable NĤ f -  N in samples (bgNg -1)
Depth 25th September 1978 12th June 1979
(cm) Control Slurried Control Slurried
0-10 3-7 2 . 2 2 . 2 1.9
10-20 1 . 8 5.2 1.3 5-2
20-50 0 . 8 7-2 1 . 8 0 . 8
50-40 2.3 7.1 2.4 1 . 8
40+ 1 . 9 (av of 6 ) 28.5(av of 5 ) 0 .4 (av of 6 ) 0 .8 (av of 2 )
A ll data are the averages of 8 cores except where stated
Table 2.5 Soil Analysis: Nitrate
Depth
(cm)
NO, -  N in samples (pg N 
5 g_1)
25th September 12th June 1979
Control Slurried Fertilised Control Slurried Fertilised
0-10 4 8 . 0 1.4 93-5 7.1 12.4 9-5
10-20 16.7 45-3 34.1 7.0 12.5 7.7
20-50 3-4 51 .8 21 .7 3-9 6 . 8 3.0
50-40 2.3 16.5 2.4 2 . 0 3-7 1.4
40+ 2.1 7.3 0 . 6 1 . 2 2.3 1 . 0
(av of 4 ) (av of 5 ) (av of 6 ) (av of 6 ) (av of 2 ) (av of 7)
A ll data are the average o f 8 cores except where stated
Three weeks after the application of inorganic fe r t i lis e r , NÔ
concentrations were intermediate between those of the control and slurried
plots but by the following June there was essentially no difference
between NO, in the control and fe rt ilis e d  plots.
2
2.4* Soil Temperature and Rainfall
The data presented in Fig. 2.5 are taken from meteorological 
records at Bush estate recording station.
Rainfall was high in November and from mid December until the 
end of January, and again during March and April. Soil temperatures 




























(Q ) amq/eaedmaj, ( u m )  ire jU T B ^ j
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November until mid-April. At 15cm the ground was frozen during the 
whole of February.
2.5« 0  ̂ and CÔ  Concentrations
In a l l  three treatments median 0 concentrations were about
0.175ml ml (Fig. 2 .4 ). However, modal values were very different
for the three treatments: 0.180 -  0 . 1 8 5 , 0 . 1 7 0  -  0 . 1 7 5  and. 0.200 -
-1
0 . 205ml ml fo r  the control, slurried and fe rt ilised  plots respectively, 
and there were fewer low values for 0  ̂ in the control plot.
There was no evidence of a bi-modal distribution as has been 
observed by some workers (Dowdell et a l . ,  1979; King, 1982).
The data were not normally distributed but a reasonable 
approximation to a normal distribution (Figs. 2.5 and 2.6) was given 
by the transformation:
X* = In (24 -  X) - 1 2  2' 1
where X is the 02 concentration (ml ml x 10 )
X 'is  the transformed 0  ̂ concentration
The median values for C0? concentration (Fig. 2.7) were 0.026,
0.022 and 0 .015ml ml fo r the control, slurried and fe rt ilised
plots respectively, i .e .  the highest value was in the control plot.
The data was not normally distributed but could be transformed to
give an approximately normal distribution (Figs. 2.8 and 2.9) by
the relationship:
Y* = In (1 + Y) _1 2.2
where Y is 00^ concentration (ml ml x 10 )
Y*is the transformed 00  ̂concentration
The transformed data for Ch and C0n were used to calculate means2 2
of replicate probes on each sampling occasion, and the reverse transform 
of the mean was used in Figs. 2.10 -  2.12. For the sake of c larity , 
the points on the Figures are joined but i t  is  recognised that 
fluctuations between sampling occasions are like ly  to have occurred.
Generally, peaks in 00  ̂ corresponded with troughs fo r 0^, but 
C02 concentrations were less than the corresponding 0  ̂ d e fic its, for 
reasons discussed in Section 1.3 - 3 • From week to week CC>2 varied ':?e 
less than 0^, perhaps because dissolved 00  ̂ had a *buffer* effect,
C02 coming out of solution i f  concentrations in the gaseous phase 
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Trends with time were usually similar at a l l  depths hut 0  ̂ concen­
trations decreased and CÔ  increased with depth. The poor aeration at 
4 5cm was associated with the compact ^ ( g )  horizon which drained slowly. 
Over 75% of the water samples obtained were from this 45cm depth.
Low 0  ̂ concentrations followed heavy ra in fa lls  (e .g . 7th September, 
2nd October, 20th November and 2nd January) but were shortlived.
From September to February, apart from such fluctuations, 0  ̂
concentrations were almost constant, showing only a very small 
increase while 0 0  ̂ decreased slightly  i .e .  the influence of decreased 
0  ̂ demand approximately balanced that of wetter so il conditions over 
the period. From February 0^ decreased reaching a minimum at the end 
of May and 00  ̂ increased, especially at 45cm probably due to the 
wet spring. Although March was the time when most water samples 
were collected, the rise in so il temperatures caused increased 0  ̂
demand which more than compensated for the s ligh tly  drier conditions 
in April and May. After May, with ris ing  so il moisture tensions, 
concentrations of 0  ̂ and CÔ  returned to ambient, rapidly at 15cm, 
more slowly at 50cm and not until the end of June at 45cm.
During February the frozen surface so il prevented 0^ exchange 
and no gas samples could be obtained at 15cm, probably because ice 
had blocked the capillary  tubes connecting the syringe to the porous 
cup. During the freeze 0  ̂ concentrations began to f a l l  and the 
ensuing thaw, allowing overlying water to drain into the so il, 
contributed to the subsequent decrease in 0  ̂ concentrations.
When slurry is  applied to so il, finer particles ( 250pm) tend 
to move through the so il p ro file  with the water in the slurry, leaving 
coarser particles in the surface so il (McAllister, 1977)* Slurry 
therefore both decreases so il moisture tension and provides readily  
decomposable organic matter, increasing 0  ̂ demand. The application 
of slurry immediately decreased 0  ̂ concentrations, especially at 50 
and 45cm, the lowest concentrations being recorded at 50cm. At 50cm 
02 concentrations in the slurried plot were lower than in the control 
plot from mid-November to January. However in contrast to Th ije ll 
and Burford ( 19 75 ) the slurry had no major long term effects on so il 
aeration because the slurry did not form a layer over the so il surface 
(Section 1.5»5)-
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Some apparent differences between the three treatments were 
probably due to intrinsic differences between the plots. At 15cm 
for example 0  ̂ concentrations were frequently lowest in the control 
plot. At 50cm and 45cm 0  ̂ was lowest in the fe rt ilised  plot during 
the wettest time of the year and over G0% of the water samples came 
from the fe rt ilised  plot. There was some visual evidence from core 
samples that the boundary between the S and ^ ( g )  k°r i zon occurred at 
a shallower depth in the fe rt ilised  p lot.
2.6. NgO Concentrations
The variab ility  of N̂ O concentrations between replicate probes
was high (Fig. 2.13)» often d iffering  by a factor of more than 10,
although the same trends with time were seen in each replicate.
There was no evidence of sub-ambient NQ0 concentrations in the so il
—6atmosphere. A range of NO concentrations from 0.3 x 10 to
- 4 - 1  / \4*92 x 10 ml. ml N^0 was recorded (Fig. 2.14)» with more high values
in the treated plots than in the control. The median values were
1.9» 4-1» and 4.5 x 10 ^mlml ^N^0 fo r the control, slurried and
fe rt ilised  plots respectively.
The frequency distribution was not normal but the transform below
gave an approximately normal distribution with only positive values
(Fig. 2.15 and 2.16):
Z! = 2 + In (Z ) _ 1 _6 2.3
where Z is  the measured N^O concentration (ml ml x 10 )
Z!is  the transformed 1^0 concentration
Scatter diagrams of N^0 against 0  ̂ concentrations showed a 
relationship only when transformed values for 0  ̂ and N^0 were used 
(Fig. 2.17)* On the few occasions whfen reducing conditions were 
severe, i .e .  0  ̂ concentrations were very low, there was no evidence 
of decreased N̂ O concentrations as some workers have suggested (see 
Section 1.5 .1*5)•
Regression analysis of N^O on 0  ̂ concentrations (Table 2.6) 
showed a significant relationship between 02 ^or
and treatments. The regression coefficients were in the order 
fe rt ilised  > slurried > control; i .e .  fo r  any given 0 concentration 
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Fig. 2.13. Variability  of N̂ O concentrations at 4 replicate 
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Fig. 2.17* Scatter diagram of N^O against 0^: 
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plot and lowest in the control plot. In the slurried plot the 
regression coefficient was highest at the 50cm depth, whereas in 
the fe rt ilised  plot coefficients were similar at a l l  depths and in 
the control plot decreased with depth.
In the treated plots the coefficient of determination (the proportion 
of the variation accounted fo r by the regression) was lowest at 15cm, 
indicating that other factors, e.g. diffusion of N̂ O from other depths 
or the shorter diffusion path for 0  ̂ and N^O, caused more variation  
than lower in the p ro file . Coefficients of determination were greater 
for the fe rt ilised  plot than the slurried plot, possibly because the 
extra step of n itrification  preceding denitrification for slurry was 
an extra source of variation. For the control plot coefficients of 
determination were low, indicating that some factor other than 0  ̂ was 
lim iting denitrification, e .g. N0  ̂ concentration.
Table 2.6 Regression of ^ 0  on ^
Plot Depth Regression Coefficient Interval Coefficient of 
Determination
Slurried A ll depths 1.46 + 0.24 0 . 2 3
15cm 1.39 + 0 . 4 8 0.17
30cm 1.71 ±  0.54 0.19
45cm 1.28 ±0 .35 0.24
Fertilised A ll depths 1. 86 + 0.24 0 . 3 2
15cm 1.90 + 0.61 0 . 1 9
30cm 1.89 ±  0.53 0 . 2 3
45cm 1.87 ±  0.33 0 . 4 3
Control A ll depths 0.89 + 0.28 0 . 0 7
15cm 1. 2 5 ±  0.49 0 . 1 4
30cm 0.94 ±  0.57 0 . 0 6
45cm 0.64 + 0.48 0 . 0 4
Transformed values of NgO concentrations were used to calculate 
the means for depths and treatments (Figs. 2.18 -  2.20).
In the control plot the variation of ^ 0  concentrations with time 
was sim ilar at a l l  depths. Concentrations o f NgO were highest at 
30cm, although aeration was much worse at 45cm (see Section 2.5)» 
probably because of low NO ~ concentrations, due to slow n itrification
- 86 -
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at 45cm (see Section 2.3). There was a general inverse relationship 
with 02, i .e .  until the early winter N20 concentrations increased when 
C>2 decreased and vice-versa, but there was no underlying trend of 
increasing N20 with time. Thereafter, N20 concentrations generally 
increased over the winter and returned to ambient in late spring.
The most striking feature of the results was the very high N20 
concentrations which occurred between mid-January and the beginning 
of April, with the peak on 28th February, just following the thaw.
This was surprising, since on 28th February the temperature of the 
surface so il was s t i l l  below 1°C, the so il was not as wet as later in 
the spring, and 0  ̂ concentrations were not at their lowest. Hie N20 may 
have bu ilt up while the ground was frozen and the exchange of gases through 
the surface so il was prevented. Low temperatures favour N20 as the 
product of denitrification (Section 1.4.4-2) which may also have contributed 
to the high peak. Therefore the very high N20 concentrations do not 
necessarily imply that the rate of denitrification was high.
Since in the control p lot, the concentration of N20 at the time 
of the peak was over twice as high at 15cm compared to other depths,
N20 at the surface could not have diffused from greater depths in the 
soil where temperatures were warmer. There is clear evidence, therefore, 
that significant denitrification occurred at 1°C. There is some 
controversy in the literature over whether denitrification is  possible 
below 4°C (Section 1.4.4*2).
In the slurried plot, as in the control plot, N20 concentrations 
were highest at the 30cm depth. The slurry application caused increased 
N̂ O concentrations over most o f the experimental period but especially  
in the f i r s t  few weeks. During this time the NgO peak corresponded to 
the miminum for C>2, and concentrations of N^O were highest at 30cm where 
02 was lowest. Since the so il analysis results (Section 2.3) indicated 
that n itrification  took place also during this time, the N,_,0 peak represented 
denitrification of NÔ . both from the slurry and from the so il. This is 
in contrast to T h ije ll and Burford (1975) who found that only so il N0  ̂
was denitrified in it ia lly  (Section 1.5-1-4)- From November until mid- 
January, N20 concentrations responded to C>2 in much the same way as the 
control plot but were higher. The large peak in N20 in the winter occurred 
also in the slurried plot, concentrations being sim ilar to those o f the 
control plot at 15 and 45cm but much higher at 30cm. During the spring 
N20 at 30cm remained higher than in the control plot, and at 45cm very much
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higher, reflecting the lower concentrations and high NO^ 
concentrations (Section 2.3) in the slurried plot.
If the slurry had remained on the soil surface, then nitrification 
and denitrification would have been limited to the surface soil, and 
depths to which NO^ had leached. The fact that increased N^O 
concentrations were found at all depths indicates that some of 
the slurry had moved downwards, however,it is possible that 
denitrification occurred mostly in the top 10cm of soil where 
there were no soil atmosphere probes. The soil analysis results 
also indicated movement of the slurry through the profile 
( Section 2.3). Since inorganic N, about 50% of the total N in
slurry according to most workers (Tunney, 1981) had largely
disappeared three weeks after application (Section 2.3) the 
increased N^O in the early winter, spring must have arisen from 
N0^ from the mineralisation and nitrification of some of the organic 
matter from the slurry remaining in the soil profile. This was 
likely to be a small proportion of the applied N since it is estimated 
that about 50% of slurry organic matter N is mineralised in the first
year, and most of this occurs in the spring and summer.
The fertiliser also had an immediate effect, especially at 
15cm but concentrations of N^O were lower than in the slurried plot. 
After two weeks, N^O concentrations followed the same trends in the 
fertilised plot as in other plots but were higher, especially at the 
30cm depth. At the time of the peak on 28th February, concentrations 
of N^0 were over twice as high in the fertilised plot as in the control 
plot and N^0 remained higher until the end of the experiment, especially 
at 45cm. This may reflect the poorer aeration during the winter in 
the fertilised plot rather than the treatment, since N0^ concentrations 
and N uptake (Section 2.3) were similar in the fertilised and control 
plots during this time.
In spite of the large slurry application, there were lower 
concentrations of N^0 in the profile of the slurried plot than in the 
fertilised plot which received much less N as inorganic fertiliser,
i.e. the nitrification step slowed down denitrification.
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2,7. Statistical Analysis
For the analysis the data were divided into the 4 periods below:
(1) 15th Sept. - 16th Oct - the 6 weeks of maximum treatment effects
(2) 23rd Oct. - 15th Jan - a period of low N^O concentrations
(3) 22nd Jan. - 19th April - the period of the peak in N^O concentrations
(4) 25th April - 12th July - a period of declining N O  concentrations 
For each period the mean value of 0^ and N^O was calculated for each 
probe using transformed values, and these means were used for an analysis 
of variance (Appendix 7B) and to calculate the mean values for h^O
and 0^ for each depth and treatment over each period (Fig. 2.21
and Table 2.7 and Fig. 2.22 and Table 2.8 for N^O and 0^ respectively).
During period 1, ^ 0  concentrations in the control plot were 
significantly lower than in the other plots, but there was no 
significant difference between the slurried and fertilised plots and 
although N^O was highest at 30cm the difference was not quite 
significant. Slurry significantly decreased 0^ concentrations, 
indicating that the high N^0 concentrations in the slurried plot could
have resulted from low 0^ as well as increased NO^ . Also, O2 concen­
trations were significantly higher in the fertilised than the control 
plot, i.e. the high N^O
concentrations in the fe rt ilis e d  plot occurred in spite of higher 0  ̂
concentrations. Oxygen concentrations were sign ificantly higher 
at 15cm than at other depths.
In period 2 there were no significant treatment differences for
0 2 or N20 hut N2 0 was sign ificantly higher at 30cm than other depths,
while 02 was sign ificantly  lower at 4 5cm,i.e. high 1 ^ 0  concentrations
at 30cm were probably due to higher N0T concentrations and not to
5
lower 0 2*
In period 3 >1^0 concentrations were significantly higher in the 
fe rt ilised  plot and at 15cm while 0  ̂ was significantly higher at 15cm 
than other depths,but treatment differences were not significant.
Thus the high N^O peak in the fe rt ilised  plot was probably due to the 
fe r t i l is e r  rather than to plot differences, and ^ 0  was highest at 15cm 
in spite of higher 0  ̂ concentrations.
During the fin a l period there were significant differences between 
treatments for ^ 0  but not for C>2, indicating that differences in ^ 0  
may have been due to treatment effects. Nitrous oxide concentrations 
were sign ificantly  higher at 4 5cm than at other depths, while 0 
concentrations decreased significantly with depth.
Thus the broad trends described in Section 2.5 and 2.6 were 
sta tistica lly  sign ificant: i .e .  0  ̂ decreased with depth; slurry only
affected 0  ̂ concentrations in the f i r s t  few weeks; ^ 0  concentrations 
at 30cm were higher than at 15cm; in it ia lly  ^ 0  concentrations were 
highest at 30cm but during the fin a l period were highest at 4 5cm.
The analysis of variance using the means for each probe over the 
entire experimental period showed that the treatments significantly  
increased ^ 0  but that the slightly  higher N20 concentrations in the 
fe rt ilised  plot than the slurried plot were not significant.
Overall, N20 concentrations were significantly lower at 15cm than 
at other depths. Treatment differences for 02 -were not significant 
but 0  ̂ decreased with depth, the difference between 15cm and 30cm being 
most marked.
The combined analysis of variance for a l l  time periods showed 
that, fo r N^O, changes over time were very significant. The high 


































Fig. 2.21. Mean ^ 0  concentrations during 4 periods



























Fig. 2.22. Mean 0  ̂ concentrations during 4 periods
▲ A fe r t ilis e d  ▼----- ▼ slurried •-------»contro l
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Table 2.7 Means for N̂ O during the periods analysed
Means during period Least significant
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Table 2.8 Means for 02 during the periods analysed
Means during period Least significant
1 2 3 4 difference at 0 . 0 5  level















1 . 9 8
(16.8)
0.14





















( 1 7 .8 )







1. 9 0  








2 . 0 6
(16.2)
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( 1 5 .8 )
2 . 4 0
( 1 3 .0 )
0.14
N.B. Figures in brackets are the reverse transform of the means 
(ml ml“”' x 10 for N̂ O and ml ml“ x 10  ̂ fo r  0^
differently at different times. The time x depth interaction was 
significant because in it ia lly  N̂ O was similar at a l l  depths, then 
highest at 30cm, and later at 45cm. For 0  ̂ the slight increase in 
C>2 concentrations during the winter was significant. The depth x time 
interaction was significant because differences between depths 
increased over the winter and spring. The treatment x time interaction  
was significant because slurry only affected 0  ̂ concentrations during 
Period 1 and because in the fe rt ilis e d  plot, in it ia lly  0  ̂ concentrations 
were highest, while in Periods 3 and 4 they were lowest.
In the analysis above, differences ascribed to treatments could 
in fact be due to intrinsic plot differences. Although 0̂  
concentrations were not always sign ificantly  different in the three 
plots, there was some evidence for a trend of poorer aeration from the 
control to the fe rt ilised  plot in the winter. A randomised block 
design, witn each plot sub-divided into three and forming a block, 
would be more suitable.
Analysis o f variance has shown that replication was not always 
sufficient fo r  treatment and depth differences to be significant. i 
Increased replication would therefore improve the design. I f  each 
plot in the randomised block experiment contained two replicates at 
each depth, the replication would increase from four to six. Without 
increasing the size of the plots, replication could not be increased 
further.
2.8 Conclusions
The methods of sampling the so il atmosphere were satisfactory  
except when the ground was frozen. For the range of concentrations 
occurring in the samples the methods o f analysis were adequate.
Logarithmic transformations of the data were required to normalise 
the frequency distributions fo r a l l  gases, although previous workers 
found this necessary only for ^ 0  (see Section 1 . 5 . 1 . 1 . )  Eeplicate 
1^0 concentrations frequently d iffered by more than a factor o f 10, 
agreeing with previous work (see Section 1 . 5 . 1 . 1 ) .  In spite o f high 
random variation, treatment (p lo t) and depth differences were often 
sta tistica lly  significant. However increased replication would be
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desirable. Concentrations of 0  ̂ were low and approximately constant 
during the autumn and winter until the end of February. Following 
the thaw, concentrations decreased, reaching a minimu- at the end of 
May, la ter than would be usual because of the wet spring.
There was no evidence in the data for the so il acting as a sink 
for N^O and N̂ O concentrations were within the range of previously 
recorded values (see Section 1 .5 .1 .2 ).
The three plots were not identical, there being a trend from 
the control to the fe rt ilised  plot of lower 0  ̂ concentrations during 
the winter. A randomised block design, with blocks replacing the 
original plots, would enable this factor to be separated from 
treatment effects.
Nitrous oxide concentrations were high for six weeks following 
the application o f slurry and inorganic fe r t i l is e r  and were highest 
in a l l  plots during the period when the ground was frozen and in the 
weeks following the thaw, i .e .  in the winter and early spring. The 
data provides evidence of denitrification at temperatures as low as 
1°C. Lowest N̂ O concentrations were found in the summer. Apart 
from Dowdell and Smith (1974) who found high NO concentrations in 
the summer in a heavy wet so il, most other workers in Britain have 
also reported highest N̂ O concentrations over the winter months 
(see Section 1.5.1«5)*
Previous work has established a general inverse relationship 
between N^O and 0^ concentrations which is often obscured by the 
dependence of N̂ O concentrations on other factors (see Section 
1.5*1.3). The regression coefficient for the regression of N̂ O 
on 0  ̂ concentrations for the data presented here was significantly  
different from zero for a l l  treatments and depths and accounted fo r  
about 20% of the variation in N̂ O in the treated plots but only about 
10% in the control plot.
Inorganic fe r t i l is e r  and slurry increased N^O concentrations 
during most of the period at a l l  depths, and especially at 30 and 
45cm. However i t  was not possible to separate effects due to 
intrinsic plot differences from those due to treatments.
A large slurry application affected 0  ̂ concentrations for only 
about four weeks. In spite of the larger application of N to the
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slurried plot, N̂ O concentrations were generally lower than in the 
fe rt ilis e d  plot. The pattern of 0  ̂ and N̂ O in the slurried plot 
differed from that reported in a previous study (T h ije ll and Burford, 
1 9 7 5 ) because the slurry did not form a layer over the so il.
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3. RANDOMISED BLOCK FIELD EXPERIMENT
The aim of the fie ld  experiment, which was carried out from the 
summer of 1979 to the summer of 1980, was to compare the effects of 
adding fe r t i l is e r  and slurry at different times of the year on so il  
N̂ O concentrations at 3 depths. The relationship between N^O and 
0  ̂ concentrations throughout the year was also investigated.
Available N in the so il p ro file  and N uptake by the herbage were 
also measured at various times. A qualitative comparison was made 
between data for the two fie ld  experiments to see whether trends 
noted in each experiment were general or particular to that season.
3.1. Field Site
The randomised block design allowed trends within the experimental 
area to be separated from treatment differences (see Section 2 .7 )- 
The three plots described in Section 2.1 were each sub divided into 
3 plots o f 3m x 8m and treatments were assigned at random within each 
block (F ig. 3*1 arnicL Plate 3*O ' treatments were applied to the
guard rows, 0.5m wide, between the plots within each block. Two gas 
sampling probes were installed at each of 3 depths in each p lot, at 
least 0 . 5m from the edge of the plot, a sufficient distance to ensure 
that the treatment of neighbouring plots had no effect on gas samples.
3.2. Methods
Applications o f slurry (fo r  analysis see Table 3-1) and inorganic
_-j
fe r t i l is e r  ( 100kg ha of N as calcium n itrate ) were made on 16th July,
20th August, 29th October and 15th April to the three slurried and fe rt ilised  
plots respectively. Applications were made only when the najer_ effects  
of the previous application on 0  ̂ or N̂ O concentrations had disappeared and 
for this reason no application of slurry could be made in the winter of 79/80.
The grass was cut on 16th July (before the application), 9 -th 
August, 31st August, 1st October, 2 9 th October (before the application),
21st May and 19th June. Total dry matter per unit area was determined 
for each plot, and N, P, and K analysis carried out (see Appendix 5 ) .
Two so il cores per plot were removed on 9th August, 1st October,
10th January, 15th April, and 22nd July, and NO concentrations were 






•  15cm 
■  50cm 
A 45cm
Fig. 3*1• Layout o f randomised block fie ld  experiment
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1 6 . 7.79 0 . 1 1 0 0.024 0.-170 5-4 5 9 -4 ^
2 0 . 8 . 7 9 0.093 0 . 0 2 2 0 . 1 7 0 8 . 0 74.4
29.10.79 0.075 0.021 0 . 1 0 0 9-5 71.3
15. 4-80 0.075 0.011 0 . 0 7 0 1 4 . 2 93.7
(a ) See Appendix 5 (b ) less applied than intended because
preliminary analysis d iffered from analysis 
of slurry at time of application
control and slurried plots (except for cores of July 22nd) (see 
Appendix 6 . Method 1 was used for HH^).
Cores were taken at least 0.5m from the position of any previous 
core (to avoid any effects on aeration which might affect and
NO,. concentrations), at least 0.5m from the edge o f the plot (to
3
avoid unrepresentative samples), and at least 0 . 5m from any gas 
sampling probe so that gas samples would not be affected. This 
restricted the total number of cores which could be taken from the 
plots to two on each sampling occasion.
Gas or water samples were taken weekly or more frequently 
following an application of slurry and fe r t i l is e r  (see Appendices 1-3)-
3-3- Herbage Analysis
The results o f the herbage analysis (Tables 3*2 and 3• 3» and
Pig. 3 *2 ) showed significant differences between the three treatments,
with the yield, and often N content, on the fe rt ilised  and slurried plots 
higher than those o f the control plots. There was some evidence in 
the data for a reduced yield in Block 1 (not quite significant at the 
0 . 0 5  le v e l).
The overall percentage recovery of N in the herbage (the difference
between the mean N uptake of the treated and control plots as a
percentage of applied N) was approximately 20 and 35% P°r  “tHe slurried  
and fe rt ilised  plots respectively. This is  s ligh tly  higher than the 
usually quoted figures for slurry of 15% (Kiely, 1981; Tunney, 1981 ) 
and indicates low N losses by leaching, vo latilisation  of NĤ . and 

































































Table 3*2 Herbage Analysis
Date
Cut
Treatment Dry Weight Yield  
(kg ha 1)
Herbage Analysis (%) 
N P K
Total N Removed 
(kg ha“ 1 )
9.8.79 Control 410 1-7 0 . 2 5 0.9 6.9
Slurried 740 1 . 8 0 . 2 6 1 . 2 13.4
Fertilised 1340 3.0 0 . 2 6 1.5 4 0 . 0
31.8.79 Control 50 2.4 0 . 2 6 1.3 1.1
Slurried 190 3.2 0 . 3 8 1.9 6 . 2
Fertilised 800 4-2 0 . 3 0 1.7 33-6
1.10.79 Control 210 3.6 0.33 1 . 8 7-9
Slurried 460 3-4 0.34 2 . 8 15.5
Fertilised 940 3.4 0 . 2 5 1.7 32.1
29.10.79 Control 600 3-9 0.53 1.9 23.4
Slurrie d 950 3.4 0.49 2.4 32.7
Fertilised 980 3-4 0.34 1.9 33-4
2 1 . 5 . 8 0 Control 660 2.7 0.35 1.9 18.1
Slurried 1880 2 . 6 0 . 3 8 2 . 6 4 6 . 2
Fertilised 1460 3-4 0.37 2 . 0 49.1
1 9 .6 .80 Control 1160 2.4 0 . 3 8 1 . 8 27.1
Slurried 1340 2 . 2 0 . 4 2 1.5 2 9 . 2
Fertilised 1620 2.3 0.37 1.7 37.5
N.B. Each value is  the mean from 3 plots
Table 3*3 Analysis of variance for total nitrogen uptake in 
the herbage
Source df ss ms F
Treatments 2 30,124 15, 062 6 9 . 7***
a( Fertilised  different from others 1 24,971 24,971 1 1 5 .6* * * )
( control different from slurried 1 5,152 5,152 23.9**)
Blocks 2 706 353 1 . 6
a( Block 1 different from others 1 695 695 3.2 )
< Error 4 866 216
Total 8 31,696
a) Partitioning of the sum of squares was as described by 
Pearce (1965)
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There was no evidence that the fe rt ilis e d  plots became deficient 
in P or K.
3 .4 . Soil Analysis
On no occasion did slurry sign ificantly  increase NH.+ concentrations
even in the surface so il, indicating rapid n itrification  of NĤ  from
the slurry or large losses of NH, by vo latilisation . It  is  known
5
that almost a l l  the inorganic N fraction of slurry (particularly cow 
slurry) can be lost when slurry is applied to warm dry so il (Kiely,
1981). Thus much of the NH^+ in the f ir s t  two applications may have 
been vo latilised .
There was never any evidence o f accumulation of NO, in the
5
slurried plots, even in the surface so il, i .e .  mineralisation and
n itrification  of slurry remaining in the so il did not cause any
significant increase in so il inorganic N. However since roughly
50% of the organic N in slurry is mineralised over the f i r s t  year,
about 50 kg N ha 1 would have been released from the applied slurry
by the summer of 1980.
The variab ility  of NO, concentrations and small treatment differences
5
(Table 3*4) meant that two cores were usually insufficient to show
significant differences in the analysis o f variance (Table 3-5)*
For the so il samples taken on August 9th, 34 weeks after the
fir s t  application, differences between blocks, treatments and depths
were not significant, although NO, was highest in the fe rt ilised  plots
5
and lowest in Block 1. Nitrate decreased with depth, mean concentrations
— *] _ "1
at j&40cm (0.86ng g ) being only one third of those at 0-10cm (2.56ug g ).
Nitrate concentrations were higher in a l l  plots, in samples of
1st October 2 weeks after the second application. Analysis of variance
showed that the fe rt ilised  plots had significantly higher concentrations,
but that there were no significant differences between control and
slurried plots, and that NO,, was sign ificantly  lower in Block 1.
Again NO,-  decreased with depth, the average at 0-10cm being almost
3 times that at 30- 4 0cm.
Concentrations of NO,-  in the so il samples o f 10th January, at
5
a time when there was no N uptake by grass, were over twice as high as 
those of October but block and treatment differences were not significant
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Table 3 . 4  Ammonium and. nitrate concentrations in so il samples
















15th April 22nd July
NH„+ NO" NO"
4 3 3
Control 0-10 0.8 2.4 0 . 5 4.1 1.6 7.5 0.6 2.1 2.3
10-20 0 . 4 1.5 0 . 2 3.1 0.7 7.8 0.9 2.3 2.2
20-30 0.2 2.9 0 . 4 2.8 1.0 6.2 0.7 1.4 1.5
30-40 0.3 0.8 0 . 5 1.3 0.3 1.7 0.7 0.7 1.6
Slurried 0-10 0.5 0.8 0 . 4 3.5 2.8 11.1 0.7 1.9 3-7
10-20 0.3 1.7 0 . 2 2.7 0.8 9.6 0.9 2.5 3-2
20-30 0.5 1.3 0.1 1.9 0.3 5.9 0.9 1.6 2.8
30-40 0.3 0.6 0 . 6 1.4 0.9 3-2 0.5 0.8 1.0
Fertilised 0-10 - 4.5 - 4.8 - 8.1 - 2.7 3.4
10-20 - 2.7 - 3.7 - 6 . 7 - 2.9 3.2
20-30 - 1.5 - 3.3 - 6.1 - 2.3 1.6
30-40 - 0.8 - 1.7 - 5.6 - 1.8 0.9
NB Each value is  the mean of samples from 6 cores.
although NÔ . was lowest in the control plot. Again the decrease in
concentration with depth was significant.
By April 15th, just before the spring application, NÔ  
concentrations had fa llen  and were similar to those of August. Block 
and treatment differences were not significant, although concentrations 
were highest in the fe rt ilised  plots, and lowest in Block 1.
At the end o f the experiment NÔ  concentrations were s t i l l  low,
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Table 3*5 Analysis of variance of NO, concentrations
3
Date Source df ss ms F
9.8.79 Treatments 2 10.66 5-33 2 . 2 5
Blocks 2 13.67 6.83 2.88
Depths 3 13.47 4.49 1.89
Error 26 61.57 2.37
Total 33 99-37
1.10.79 Treatments 2 7.05 3.52 5.03*
(fe r t ilis e d  different from others 1 5.70 5.70 8.14**)
(control different from slurried 1 1.35 1.35 1.93 )
Blocks 2 8 . 1 9 4.09 5.84
(Block 1 different from others 1 7-99 7-99 11.41**)
Depths 3 30.83 10.28 1 4 .69***
Error 27 18.84 0.70
Total 34 64.91
10.1.80 Treatments 2 16.4 8.2 O.69
Blocks 2 6.9 3-5 0.29
Depths 3 157.8 5 2 . 6 4.38*
Error 28 334.8 12.0
Total 35 515.9
15.4.80 Treatments 2 4.75 2.37 0.61
Blocks 2 12.58 6.29 1.61
Depths 3 11.11 3.70 0.95
Error 28 109.55 3.91
Total 35 137.99
2 2 .7 . 8 0 Treatments 2 4-97 2.48 3.02
(control different from others 1 4.01 4.01 4.89* )
Blocks 2 13.26 6 . 6 3 8 .09* *
(Block 3 different from others 1 11.01 11.01 13.43**)
(Block 1 different from Block 2 1 2.24 2 . 2 4 2.74
Depths 3 35.23 8.41 10.26***
Error 28 23.05 0.82
Total 35 66.51
Notes: Values fo r missing data were fitted  by setting the residual
error to zero and total degrees o f freedom were reduced by 
1 for every missing value.
(Brackets indicate partioning of the s .s . ,  as described by 
Pearce (1965)-
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and were sign ificantly  lower in the control plot than others, and 
highest in Block 3» and again decreased with depth.
Apart from samples of 10th January, NO~ was always lowest in 
Block 1 (only significantly on 1st October). More waterlogged 
conditions might have decreased mineralisation and increased 
den itrification .
Although N0  ̂ concentrations from the *79/*80 data are not 
stric tly  comparable with those of *78/* 79» there is  evidence of 
lower N0  ̂ concentrations in the second year.
3.5* Temperatures and Rainfall
Temperature and ra in fa ll data (from the Bush Estate recording 
station) are given in Fig. 3*3«
Although the ra in fa ll from July 1979 to June 1980 (841mm) was 
very sim ilar to that of the previous year (824mm), the distribution  
differed markedly, the summer and spring being drier and a greater 
proportion of ra in fa ll fa llin g  from October to December.
The variation of temperature with time was similar to that of 
the previous year (c . f .  Fig. 2.3) but lowest temperatures were 
recorded from January to mid-February, 4 weeks ea rlie r than in 1978, and 
temperatures at 15cm f e l l  below 0°C for only 6 days (not consecutive) 
during.J anuary.
3.6. Soil 0^ and 00  ̂ Concentrations
The modal 0 concentrations fo r  the three treatments (Fig. 3*4)
_  -j
were the same (0.200 -  0 . 205ml ml ) indicating that in general terms, 
02 concentrations were similar under the three treatments, but the 
median value was slightly  lower fo r the slurried plots (0 .193ml ml- ')  
than for the control and fe rt ilised  plots (0 .198ml ml ^). Thus slurry  
had no major effects on 02 but did increase the frequency of low 
concentrations. Modal concentrations for the , 79/T80 experiment 
were much closer to ambient 0  ̂ concentrations (0 .21ml ml ) than in  
the preliminary experiment and there were fewer low 0 concentrations: 
e.g. 13% of observations below 0 . 15nfLml compared with 28% in the 
preliminary experiment.
Weekly and monthly Rainfall








f f lJ | A 
1979
S | 0 | N D J
1 m a
K I A . i  K
1980
Rig. 3-3* Soil temperature at the 15, 30 45cm depth and
weekly and monthly ra in fa ll from July 1979 ~ June 1980
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There was no evidence of a bimodal distribution. The 
concentrations were not normally distributed. The transform used 
previously (Equation 2.1) did not give a normal distribution but the 
relationship in 3.1 gave a satisfactory transformation (Fig. 3 . 5  and 
3.6).
X« = 2.6 + In (21.09 -  X) 3.1
“ "1 2where X = observed O2 concentration (ml ml x 10 )
X*= transformed O2 concentration
The constant, 2.6, was simply a convenience to make a l l  values positive.
Since many water samples were collected over the period o f the 
experiment, a check was made to see whether the gas phase equivalent 
concentrations were from an entirely different distribution from that
of the gas samples. This was found not to be so. Although 0  ̂in
water was generally lower, concentrations equivalent to 0 .20ml ml 
were recorded, and water samples did not account fo r a l l  low 0^
concentrations recorded as can be seen in Figs. 3*13 and 3*14 on pp 121-122
The modal C09 concentrations (Fig. 3*7) Tor slurried and control 
plots (0 . 0 1 0 0  -  0 .0125ml ml ) were greater than for the fe rt ilis e d  plots
A
(0.0050 -  0.0075ml ml ),  and the median CO concentrations (0.0124,
-1
0 .0 1 2 6 , 0 .0091ml.ml for the control, slurried and fe rt ilised  plots 
respectively) were lower than in the previous experiment.
The CÔ  data were obviously not normal, but were satisfactorily  
transformed (Figs. 3*8» 3*9) by equation 2.2 which had been applied 
to data from the preliminary f ie ld  experiment.
Transformed data were used to calculate means for each sampling 
occasion at each depth within each treatment, but for ease of 
interpretation the reverse transforms of the means are plotted in  
Figs. 3.10 -  3*12 and are given in Appendix 8 .
In general, CÔ  peaks corresponded to 0  ̂ troughs, but CÔ  
concentrations were less than 0  ̂ deficits and varied less from week 
to week (as discussed in Section 2 .5 ) .  The major influences on 0  ̂
and CĈ  concentrations (0^ demand and moisture content) are reflected  
in the data. In general, 0  ̂ concentrations varied with time in the 
same way at a l l  depths but mean concentrations decreased with depth.
During the summer and autumn 0  ̂ remained high with l i t t le  
variation between replicates and treatments. The so il at this time
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Fig. 3.5- Frequency distributions for transformed 0  ̂ daca
Note: Since concentrations in the ranges 20.75-20.85,
20.85-20.95 2 0 . 9 5 - 2 1 . 0 5  mlml-1 (transformed values 0 -".6 )
could not be differentiated, the number of observations f  
these 3 intervals were allocated equally in the ranges 0- 
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Fig. 5.8. Frequency distributions for transformed CO data
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was very dry and 0  ̂ therefore remained high in spite of a high 0  ̂
demand.
Following the dry summer, 0  ̂ concentrations did not begin to 
fa l l  until the beginning of October, when there was a period of heavy 
ra in fa ll, whereas in the previous year, following a wet summer, 0  ̂
concentrations were already low in early September. After early 
October variation between depths, treatments and replicates 
increased (Figs. 5*13 and 3-14) since 0^ concentrations depend 
largely on diffusion coefficients in wet so il which can vary greatly. 
Probes did not have consistently high or low 0  ̂ concentrations during ' 
the whole winter, especially in the slurried plots where the movement 
of slurry may have caused variable 0o demand.
In the winter, replicates from Blocks 1 and 2 usually had higher 
CÔ  and lower 0  ̂ concentrations than those from Block 5 and more water 
samples were obtained from Block 1 ( 5 6 ) than from Block 2 (4 6 ) or Block 
3 ( 2 6 ) .  In contrast to the preliminary experiment water samples were 
obtained from 15cm ( 5 ) and 30cm ( 2 9 ) as well as from 45cm (94); a l l  
those from 15 and 30cm were from Block 1.
During the winter, concentrations remained approximately constant 
until the end of January at 45cm and about the beginning of April at 
15 and 30cm. In February and March, at a time when temperatures and 
therefore 0^ demand increased, 0  ̂ concentrations f e l l  further at 45cm 
even though the so il was beginning to dry out.
At 15 and 30cm 0 concentrations increased from mid-April but at 
45cm did not reach 0.19ml nil until the end o f May.
Water in the slurry applications represented no more than a single 
heavy fa l l  of rain and caused only slight temporary decreases in 0  ̂
concentration. From mid-February to May at 30cm, and during April 
at 45cm, slurry increased 00  ̂ and decreased 0  ̂ concentrations. The 
spring application had no effect on 0^ at 15cm but decreased 0  ̂
further at 30 and 45cm.
For much of the time 0  ̂ concentrations were higher and CO2 lower 
in the fe rt ilised  plots, especially at 15cm, and at 15cm control plots 
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In comparison with the preliminary experiment, 0  ̂ concentrations 
were higher and CÔ  lower in spite of sim ilar overall ra in fa ll and 
higher temperatures during the winter, probably because the ra in fa ll 
in the autumn and spring was lower during the second experiment and 
there was no long period when the surface so il was frozen.
3.7« Nitrous Oxide Concentrations 
3 • 7•7 - Frequency Distribution of N^O Concentrations
Most observed No0 concentrations were below 2 x 10 ^ml. ml ^
—6 —6 —6(Fig. 3« 15)> "the median values (0.8 x 10 , 1.1 x 10 and 0.9 x 10
mlml for the control, slurried and fe rt ilis e d  plots respectively) 
being much lower than those for the preliminary experiment. A few 
observations were below 0.3 x 10 ^ml ml \ but this may be accounted 
for by experimental error since the ECD detector had to be set to 
measure a wide range of N^0 concentrations ( i .e .  using the pulse 
spacing of 1 5 0p.s), reducing the accuracy o f measurements at the 
lowest concentrations.
The range of values show clear treatment differences: the
highest values recorded fo r the three treatments being 33*5» 150 and 
696 x 10- ^mlml- ”' for the control, slurried and fe rt ilised  plots 
respectively.
The transform used previously (Equation 2.3) did not give a
normal distribution, but i f  values below 0.3 x 10 mlml  ̂ were
omitted an approximately normal distribution (Figs. 3*16 and 3-17)
was obtained from the transform:
Z* = 5+ In (Z -  0.29) 3-2
—1 6where Z = measured N?0 concentration (ml ml x 10 )
Z ‘= transformed ^ 0  concentration
The constant, 5» was added to avoid negative values. The
constant, 0 . 2 9 , is  in effect a correction term for the "background" N^O.
3.7*2. Regression of N^O on 0^
Scatter diagrams of N̂ O against 0  ̂ showed a clear relationship 
only when transformed values were used fo r both N^O and 0  ̂ (an example 
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evidence of a decrease in N^O at low 0  ̂ concentrations ( i . e .  severely- 
reducing conditions) as some workers have suggested (see Section 1-5.
1.3). However since only a small proportion of 0  ̂ concentrations 
were very low such a trend would be d ifficu lt  to see.
The regression of N^O on 0  ̂ (Table 3-6) was significant at the
0.001 level fo r a l l  depths and treatments ( i .e .  the regression 
coefficient was sign ificantly  greater than zero). The proportion 
of variation accounted fo r by the regression ( i .e .  the coefficient 
of determination) and the regression coefficients were lowest in the 
control p lots, indicating that other factors, e.g. lower NO, 
concentrations (see Section 3*4)> limited denitrification. The 
coefficients of determination were much higher than for the previous 
year's data (see Section 2 .6 ). In the treated plots, the coefficient 
of determination was lowest at 15cm perhaps because the shorter 
diffusion path for 0^ influx and N^0 e fflux  and diffusion o f N^0 
from lower depths account fo r some variation. In the fe rt ilis ed  
plots the regression shows that at a given 0  ̂ concentration more 
denitrification took place at 30cm than at other depths while in 
slurried plots there was no change with depth.
The regression analysis was used to plot the expected values 
of N^0 against 0  ̂ fo r the three treatments in the two years of 
experiments (Fig. 3 * “19 ) - From this it  is  clear that for any given 
0^ concentration the order of N^0 concentrations was fe rt ilised>  
slurried y control and that predicted N^O concentrations were over 
twice as high in 1978/79 as in 1979/80.
3.7-3* Variation of N^O with time
The transformed values of N^O were -used to calculate the means 
on each occasion fo r each depth within each treatment (the reverse 
transform o f the means are given in Appendix 8).
A comparison of Figs. 3*10 to 3*12 with 3*20 to 3*23 shows that 
there is a general inverse relationship between N^O and 0^, accounting 
for much of the variation in N̂ Q, as indicated by the regression 
analysis. The increase in N^0 during October corresponded with the 
decrease in 0^, and N^0 concentrations remained high during the winter, 
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Fig. 5*18. Scatter diagram of N^O against 0  ̂ concentrations 















Fig> 3 .1 9 . Predicted values of NgO concentrations from 
regression analysis
T jf slurried * ------*  fe rt ilised  • »  control
V i  ° 1978/79 ’  4 * 1979/80
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Table 3.6 Regression of N^O on 0  ̂ concentrations
. (a )Treatment Depth- Regression coeffic ien t' ' Coefficient of
\ determination
Control 15 0 . 6 6 + 0.13 0 . 2 3
30 0.71 + 0 . 1 5 0.21
43 0.47 + 0 . 1 5 0.11
A ll depths O.67 + 0 . 1 2 0 . 1 9
Slurried 15 0 . 8 5 + 0 . 1 7 0.24
30 0.89 +_ 0.14 0.35
45 0.87 + 0 . 1 3 0.34
A ll depths 0.88 + 0.14 0.32
F ertilise r 15 0.78 + 0.19 0.18
30 1.18 + 0.18 0.34
45 0.88 + 0.14 0.33
A ll depths 0.97 +, 0 . 1 7 0.30
(a ) Confidence interval is  fo r the 0.05 level
although 0^ concentrations were lowest at 45cm» was sim ilar at 45cm and 30< 
probably because of lack of N0  ̂ (see Section 3*4) or available carbon 
substrates at 45cm. As with 0  ̂ and CÔ  (see Section 3*6) variation  
in N̂ O concentrations between replicates and treatments increased 
after October (c f. Rigs. 3*13 and. 3-”14 with 3«23)*
Neither the application of slurry nor fe r t i l is e r  affected N̂ O 
concentrations in July, presumably because the so il at this time was 
fu lly  aerobic. The August application o f slurry did cause a slight 
increase in N̂ O, reflecting the slight decrease in 0^.
The effect of the October applications of slurry and fe r t i lis e r ,
when 0  ̂ concentrations were lower, was greater and lasted over the
entire winter, as indicated by NO, concentrations (see Section 3*4)
5
as well as N^O. At 15cm N^0 was increased by slurry and fe r t i l is e r  
until mid-January, and then decreased in a l l  plots. At 30cm slurry 
increased N^0 only until the end of November, even though 0^ remained 
low, whereas fe r t i l is e r  increased N̂ O right through the winter. At 
45cm both slurry and fe r t i lis e r , but especially fe r t i l is e r ,  increased 
N̂ O concentrations right through the winter. After April, both at 
30 and 45cm, N̂ O concentrations decreased in fe rt ilised  and control 
plots as 0^ increased, but increased again in the slurried plots since
NgO concentration (m ljini X 10fc )
O K\o . . .
CM NA O  O
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0  ̂ remained low.
The fe r t i l is e r  application in April did not affect N̂ O concentration, 
whereas slurry increased N̂ O for a few weeks at JO and 4 5cm since 0 
was low.
In the fe rt ilis e d  and slurried plots, N̂ O concentrations at 30 and 
45cm were sim ilar in spite of lower 0  ̂ concentrations at 4 5cm, probably 
because available carbon was lim iting at 45cm. The higher N̂ O concen­
trations at depth in the fe rt ilised  plots indicated that some NO, had
3
leached through the p ro file . The major effects of the slurry occurred 
in the few weeks a fter the applications and at a l l  depths, indicating 
that the effect was largely due to water in the slurry. The small 
increases in N^O over the early winter in slurried plots were probably 
due to the mineralisation and n itrification  of slurry organic N providing 
as source of N0  ̂ at a time when there was no crop uptake. The fe r t i l is e r  
applications did not cause any immediate increases in N̂ O but, in the 
case of the autumn application, had greater long term effects.
Concentrations of N^O were much lower than in the previous year, 
probably because the autumn and spring were drier and there was no long 
period when the surface was frozen. There was no large peak of N^O, 
such as occurred in the previous season*s experiment following the 
application o f slurry and fe r t i lis e r , indicating that at the time of 
the applications, conditions were largely  aerobic.
3.8. S tatistical Analysis
The experimental period was divided into 8 time intervals and the 
means o f the transformed 0  ̂ and N̂ O concentrations for each probe 
within each interval were compared by analysis of variance (see 
Appendix 8B ). An analysis combining a l l  time periods was carried 
out to investigate time effects. The intervals between successive 
periods were long enough so that the mean concentrations for each 
period were independent of means for other periods. Analysis of 
variance was also carried out on probe means for the whole period.
The data were analysed as a sp lit  plot, randomised block design, 
with the treatments applied to 9 main plots, and depths considered as 
sub-plots. In the overall analysis, time was considered as a sub-sub-plot.
The time intervals were:
0 )  17th July -  19th July -  immediately following the 1st application
(2 ) 23rd July -  15th August -  between 1st and 2nd application
(3) 22nd August -  24th August -  immediately following the 2nd application
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(4) 30th August -  24th October -  between the 2nd and 3rd application
( 5 ) 31st October -  1st November -  immediately following the 3rd application
(6) 5'th November -  11th April -  between the 3rd and 4th application
( 7 ) 16th April -  30th April -  immediately following the 4th application
(8) 8th May -  2nd July -  a fter the 4th application
The means for the 8 periods are given in Tables 3. 7  and 3 . 8  and 
illustrated  in Figs. 3-24 and 3*25*
Differences between blocks were significant only once for 0^, and 
for three periods fo r N^O, when twice block 2 and only once block 3 
had the lowest N̂ O concentrations. The analysis of means over the 
whole period showed that block effects were insignificant for both 
N̂ O and 0^. Therefore the trends noted in the previous season 
(Section 2.5 and 2.6) were not significant.
Apart from during period 5> 0^ concentrations always decreased 
with depth, the difference between 15 and 30cm being significant more 
frequently (5 times) than between 30 and 45cm (3 times): this was
confirmed also by the overall analysis. Correspondingly, except in 
Periods 5 and 6 i .e .  during the winter, N^O concentrations increased 
significantly with depth. In the overall analysis for N^O only the 
difference between 15cm and other depths was significant. The depth 
x treatment interaction was never significant for N̂ O or 0^, 
indicating that there was no evidence that treatments had different 
effects at the three depths.
In periods 1 and 3> i-e -  just a fter the f ir s t  and second applications, 
the increase in N^O and decrease in 0  ̂ due to slurry, though small, 
was significant. The fe r t i l is e r  had no significant effect on N^0 
or 0  ̂ during these periods.
Treatment effects in Periods 2 and 4 (between applications) 
were not significant.
In period 5, a fter the 3rd application, slurry significantly  
decreased 0^ and increased N̂ O but the fe r t i l is e r  had no effect.
During the winter (Period 6) the differences between treatments 
for neither 0^ nor N^O were significant, because variation between 
replicates was very high.
Following the fin a l application (Period 7 ) slurry decreased C>2 




Fig. 5.24. Means of 0  ̂ concentration for depths and 
treatments during 8 periods 
 s lurr ied   f e r t i l i s e d   control








































Fig. 3.25. Means of N^O concentrations for depths and 
treatments during 8 periods
 slurried ----- fe r t ilis e d  --------• control
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Table 5 . 7 Means of transformed 0  ̂ concentrations over 8 periods
Mean C>2 Concentration in Period
3
Least sig. 




2.37 1.96 3-33 2.81 3.75 3.52 3.52 2.33 
(20.30)(20.5 6 ) (19 .01 ) (19 .8 6 ) (17.93)(18.58)(18.58)(20.33)
0 . 1 9
1 5cm 2 . 0 5  1 . 6 6  3 . 0 4  2 . 5 4  3- 6 0  3 . 2 2  2 . 6 0  1 . 9 0  
(20.5 1 ) ( 2 0 . 7 0 ) ( 1 9 .54 ) (2 0 . 1 5 ) ( 1 8 . 3 7 ) ( 1 9 . 2 3 ) ( 2 0 .09)(20.59)
0 . 6 5
30 cm 2 . 3 2  2 . 0 4  3-44 2 . 9 2  3.89 3-53 3 . 6 3  2 . 1 4  
(20.3 3 ) ( 2 0 . 5 2 ) ( 1 8 . 7 7 ) ( 1 9 . 7 1 ) (17 .46 ) (18 .5 6 ) ( 1 8 .29)(20.46)
0 . 6 5
4 5cm 2.74 2.18 3.51 2.97 3-77 3-82 4.31 2.94 
(19.94)(20.43)(18 .61) (19.6 4 ) ( 1 7 . 8 7 ) (17 .70 ) (15 .5 6 ) ( 1 9 . 69 )
0 . 6 5
Control 2.25 2.05 3-18 2 . 9 4  3 . 7 2  3 . 6 4  3-38 2 . 3 9  
( 2 0 . 3 9 ) ( 2 0 . 5 1 ) ( 1 9 . 3 0 ) ( 1 9 . 69 ) ( 1 8 .0 3 ) ( 1 8 . 2 6 ) ( 1 8 . 9 1 ) ( 2 0 . 2 8 )
0 . 6 5
Slurry 2.62 1.98 3.68 2 . 5 0  4.18 3.67 4.05 2.47 
(20.07)(20.55)(18.15)(20.19)(16.24)(18.17)(16.83)(20.21)
0 . 6 5
F ertilise r 2 . 2 5  1 . 8 6  3 . 1 2  2 . 9 8  3 . 3 6  3 . 2 5  3 . 1 2  2 . 1 3  
( 2 0 . 3 9 ) ( 2 0 . 6 1 ) ( 1 9 .4 1 ) ( 1 9 . 6 3 ) ( 1 8 . 9 5 ) ( 1 9 . 1 7 ) ( 1 9 .4 1 ) ( 2 0 .4 6 )
0 . 6 5
—1 2The reverse transform of the means (ml ml x 10 ) is  given in brackets
Table 3 . 8 Means of transformed N̂ O concentrations over 8 periods
Mean N̂ O Concentrations in Period Least sig.
1 2 3 4 5 6 7 0 0.




3 . 0 1
(0.43)
4.91 
( 1 . 2 0 )
3-45





3 . 6 7













(2.02) ‘ ( 0 . 5 1 )
3 . 2 2
( 0 .4 6 )
0.41












3 . 6 0
(0 . 5 4 )
0.41
45cm 4.20 3.56 5.38 3-74 5 . 0 1 5 . 6 8  5 . 6 4 4 . 1 9 0.41











5 . 0 7  3.83 
( 1 . 3 6 ) ( 0 . 60 )
3 . 4 1









(0 . 5 1 )
5-73
(2-37)
5 . 6 0  5 . 9 4  
( 2 . 1 1 ) ( 2 . 8 5 )
3 . 7 9
(0 . 5 9 )
0.41




4 . 7 4
( 1 . 06 )
3.52
( 0 . 5 2 )
4 . 8 8  
(1 .18)
6. 4 0  4 . 1 6  
(4 . 3 5 ) ( 0 . 7 2 )
3 . 8 0  
(0.59)
0.41
N.B. The reverse transform of the means is  (ml —1 6 ml x 10 ) given in brackets
-140-
differences between the fe rt ilised  and control plots.
In period 8 slurry and fe r t i l is e r  increased N20 sign ificantly  
although there were no significant differences between treatments 
for 02.
For the means over the whole period neither slurry nor fe r t i l is e r  
increased N20 significantly and surprisingly 0  ̂ concentrations were 
significantly higher in the fe rt ilis e d  plots than in the control p lo ts .
The difference between 0  ̂ concentrations in slurried and control 
plots was not quite significant.
The analysis comparing means from the 8 periods showed that the 
decreases in 0  ̂ and increases in ^ 0  over the winter were significant 
under a l l  treatments, and that the slurry applications caused decreases in 02 
and increases in ̂ 0  which were sign ificantly  different from 0  ̂ and 
concentrations previous to the applications.
3*9* Conclusions
Logarithmic transformations of the data were again required to 
normalise the frequency distributions of a l l  gases (see Section 2.8).
There was again no evidence of the so il acting as a sink for  
N20 (see Sections 1.5*1*2 and 2.8).
In spite of increased replication, and the randomised block 
design, there were differences between plots which could not be 
ascribed to the applied treatments and must therefore have been due 
to random errors. This provides further evidence of the spatial 
heterogeneity o f so il (Section 1.5*1*1)*
As during the previous year, 0^ concentrations were highest in 
the siammer, early autumn and late spring, and lowest during the winter 
and early spring. However, in the autumn of 1979» 02 only began to 
decrease following heavy rain in October, since the summer was very dry.
In the previous year concentrations were already low in early September 
when the experiment began (Section 2.5)* In general 0^ concentrations 
decreased with depth, the difference between depths being greatest 
over the winter. In the spring 0  ̂ concentrations returned to near 
ambient concentrations f ir s t  at 15cm at the beginning o f April, and 
at 45cm by the end of May, ea rlie r than in the previous year.
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As in 1978/79» ^ 0  concentrations were highest in the winter and 
early spring (see Section 2.6), agreeing with other workers (see 
Section 1 . 5 .1.5)» but there was no peak of N^O as was noted in the 
previous winter (see Section 2.6), and N^O remained at near ambient 
concentrations in the summer. Concentrations of N^O in 1979 hegan 
to increase a fter October corresponding to the decrease in 0̂  
concentrations. There was no evidence in this years* data of 
increased N^O concentrations in the surface so il in response to 
ra in fa ll events as has been suggested in the literature (see Section
1 . 5 . 1 . 5 ) .
In contrast to the previous year, the application of fe r t i l is e r  
and s lu rry •caused no large immediate increases in concentrations. 
Summer and autumn applications of fe r t i l is e r  did not increase 
at a l l ,  but slurry caused a small but significant increase in N̂ O 
corresponding to a small decrease in 0^. The late autumn application 
of slurry immediately decreased 0  ̂ and increased N^O concentrations 
for several weeks and N̂ O concentrations remained higher than in 
control plots for several months. In fe rt ilis e d  plots there were 
no immediate effects but later N̂ O concentrations were higher than in 
control plots over the whole winter. During the winter the highest 
N̂ O concentrations occurred in the fe rt ilis e d  plots, although the overall 
means for N^O in the fe rt ilised  and slurried plots were not significantly  
different. The spring application of slurry increased N^O since 0̂  
was lowest at this time in the slurried p lots, whereas fe r t i l is e r  had 
no effect.
Denitrification took place at a l l  depths and there was evidence 
for more denitrification at 30cm in the fe rt ilis e d  plots than at 
other depths. Regression analysis showed that the relationship 
between N^O and 0  ̂ concentrations was significant for a l l  treatments 
at a l l  depths, the coefficient of variation being about 20% and 30% 
for the control and treated plots respectively. For any given 02 
concentration the predicted N^0 concentrations were over twice as 
high in the 1978/79 season as in 1979/80.
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4. MEASUREMENT OF DIFFUSION COEFFICIENTS AND CALCULATION OF 
n2o FLUXES
Gaseous diffusion coefficients in so il from several depths from 
the fie ld  site at Langhill Farm were measured at 3 water tensions.
The diffusion coefficient fo r the surface so il at 2 so il water tensions 
was then used to estimate fluxes of N2 0 in the winter of 1978/79  and 
1979/80  using measured N20 concentrations at the 15cm depth.
4*1. Sampling
Samples were taken from the f ie ld  plot at Langhill Farm, using 
stainless steel sampling rings 5cm long and 3 *8cm internal diameter, 
with a chamfered edge. The rings were driven into the so il and were 
then dug out. Samples from depths greater than 5cm were obtained by 
digging a flat-bottomed p it to the desired depth and then driving the 
ring into the so il at the bottom of the p it . Samples were taken from 
the 0 - 5 , 5- 1 0 , 1 7 . 5  -  2 2 . 5 , 2 7 . 5  -  3 2 . 5 , and 3 7 . 5  -  4 2 . 5cm depths.
In the laboratory the grass on the 0 -  5cm samples was cut at 
so il surface level. Excess so il was carefully removed from the 
bottoms of a l l  cores, which were then covered with pieces of muslin 
held in place with rubber bands. The cores were then thoroughly 
saturated by placing them in water about 3°m deep.
4.2. Tension Tables
The tension tables used were as described by Ball (1979)» and 
consisted of a perspex tray, with drainage channels milled into the 
base, which was covered with glass microfibre paper with an overlying 
layer of s i lic a  flour, grade HPF2 (Nomef Minerals, Stoke on Trent), 
of size 10 -  50tim. The cores were placed directly onto the s i lic a  
flour, the muslin cover aiding contact between water in the flour and 
the so il. Soil moisture tension was maintained by a constant head 
reservoir connected to the outlets to the perspex tray.
Cores from the 0 - 5  and 5 -  10cm depth were equilibrated fo r 2 
weeks on the tension table at 2 . 5 , 5 > and 10kPa tension while cores 
from other depths were equilibrated at 2 . 5kPa only.
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4.3- Measurement of Diffusion Coefficients
Diffusion coefficients were measured from the rate of diffusion
Q C
of radioactive krypton -  85 ( Kr) through the so il samples (B a ll et_ a l ., 
1981). The apparatus (Big. 4.1) enables the measurement to be carried  
out on intact cores. After equilibration at the required tension, the 
so il core, s t i l l  in its  metal ring, was bolted into the apparatus 
between two a ir  tight chambers and a 1.5ml sample of a mixture of ®^Kr
__ -j
and a ir  (activ ity  0.7H-Ciml ) from a gas cylinder was injected through
85a septum into the injection chamber. The rate of diffusion o f Kr 
through the so il sample to the receiving chamber depended on the 
diffusion coefficient.
85During the decay of Kr to rubidium -  85, (3 particles are
emitted which are detected by the sc in tilla tion  counters at either end
85of the apparatus. The concentration of Kr in each chamber can 
therefore be calculated from the respective count rates. Counts 
over a short period of time were recorded at intervals until the 
system was at least ha lf way to equilibrium.
The diffusion coefficient was calculated using Kick's 1st Law, 
even though steady state conditions did not apply, by assuming that:
(a ) A fter the tracer gas has permeated a ll  the a ir  space in the 
sample, i .e .  1-10 minutes (Ball et a l . ,  1981) the concen­
tration gradient between the sample ends is linear.
(b ) The number of tracer molecules in the so il sample is  constant,
i .e .  the number of molecules leaving one face equals the 
number entering the other face.
(c ) The concentration of tracer is  uniform in a gas chamber at 
any one time.
Kick's f i r s t  law can be written as:
VdC/dt = -  Da AAC/L 4.1
Where: C is  the concentration of tracer in the injection chamber
(counts s ”*)
AC is the difference between tracer concentration in the
injection and receiving chamber (counts s ^)
t is  time (s ) (t  = 0 is  the time of injection)
2 —1D is the effective diffusion coefficient (cm s )
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Fig. 4.1. Apparatus fo r measuring diffusion coefficients 
(from Ball, 1981)
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L is the length of the sample (5cm)
A is the .area of cross-section of the sample (11.34cm )
V is  the volume of the chamber (l71cm^)
85Then i f  = concentration of Kr in the receiving chamber at 
time t
85Cg = concentration of Kr in each chamber at equilibrium  
(t  = eo)
852C -C, = concentration of Kr in injection chamber at 0 0
time t
QC
2(C -C .) = difference between Kr in the injection and receiving
0  X
chambers at time t 
Therefore, substituting into equation 4*1» the flux into the 
receiving chamber is  given by:
VdC/dt = -D A2(C,-C )/h 4.2A X 0
Integrating with respect to time gives:
Ct = Ce (1 -  exp (-2DAAt/VL)) 4 . 3
Therefore the difference between concentrations of ®^Kr in the
injection and receiving chambers, 2 (0 - 0 ^ ), is  given by:
CI -  CR = 2Ce exp (-2DAAt/VL) 4-4
Where CT is the concentration of ®^Kr in the injection chamber 
— 1(counts s )
85C„ is  the concentration of Kr in the receiving chamber 
—  1(counts s )
Equation 4*4 can be rewritten as:
In (CT -  C j  = In 2C -Kt 4-5x ji e
Where K = 2DaA/Vl 
The count rate is  proportional to concentration and therefore can 
be used to measure concentration, provided that counts are adjusted for  
the 'dead time' o f the photomultiplier tube, the background count for  
the chamber, and the relative efficiency of the two chambers (B a ll (1981) 
did not correct fo r  dead time).
Instead of using a best f i t  programme, using equation 4-4» to 
determine C and D (Ball, 1981), the regression coefficient (-K )0 Xjl
of In (CT -  C_) on t was determined (equation 4-5 and Fig. 4 .2 ) and from 
this I>A was calculated (Ball now uses the same method). As and
2
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and CR approach Cg ( i .e .  Ĉ . -  CR 0), the error in Ĉ . -  CR becomes
larger. Therefore a l l  data a fte r the time when CT -  Ch = 0.15(0-,.),I n .  I t=0
was ignored.
Prom values of Dq fo r Kr at the same temperature as during the 
measurement of (Ball, personal communication), the relative
d iffu siv ity  where Dq is the diffusion coefficient in free a ir )
was calculated. Since this is  identical fo r a l l  gases, and D for
o 2 —1 °N^O at 10 C is 0.151 cm s (Pritchard and Currie, 1985)» the diffusion
coefficient for N^O could be calculated from:
(V n20 = (W kt X ° ' 151 (c m V 1) 4.6
4-4. Results and Discussion
Coefficients of determination for the regression of ln (CT -  CD)1 n
against t were>0.995 B°r  almost a l l  samples and the error in K, and 
therefore D^/D , at the 5% significance level, was usually between 1 and
The results (Table 4*1 and Figs. 4-3 and 4*4) show that the 
measured diffusion coefficients were of the same order of magnitude as 
quoted by other workers using agricultural so ils at similar tension 
(e .g . Currie, 1961; Rolston et a l . ,  1976; Rolston, 1977; Ball, 1979).
Diffusion coefficients decreased with depth, being an order of 
magnitude lower at 40cm than in the surface so il. In the fie ld  this 
would contribute to the lower 0^ concentrations found generally at 
depth and N20 would diffuse away from denitrifying zones at greater 
depths more slowly, so that N^O concentrations may be much higher 
even when less denitrification occurs.
There was a marked difference between D^/Dq fo r the 0 - 5 »  
and 5 ~ 10cm depth at a l l  tensions, reflecting the higher porosity 
in so il at the surface. At the 0 - 5  and 5 -  10cm depth, diffusion  
coefficients increased about 3- B°Bd when the tension was increased 
from 2.5 to 10kPa.
The confidence intervals fo r  the measured values of Da/Dq 
show that the diffusion coefficients for soils from the same depth 
at the same moisture tension can vary up to threefold.





















Fig. 4-4. Variation of diffusion coefficient with so il 
moisture tension
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Relative D iffu s iv ity '^ /D  )
3/ Id Mean Confidence Interval





2-5 0-5 11 2.17 1 .78- 2 . 6 5 3.28
5-10 7 1.25 0 .68- 2 . 3 0 1.89
1 7 . 5- 2 2 . 5 5 0.66 0.48-0.89 1.00
2 7 . 5- 3 2 . 5 5 0 . 5 0 0 . 39- 0 . 6 4 0 . 7 6
3 7 . 5- 4 2 . 5 4 0 . 2 9 0 .05- 1 . 5 8 0.44
5.0 0-5 6 5 . 0 3 3 .4 3 - 7 . 4 4 7 . 6 0
5-10 8 2.49 1 . 79 - 3 . 4 7 3.76
10.0 0-5 5 5-87 4 .25- 7 . 8 6 8.86
5-10 7 4-84 3 .4 8 - 6* 7 3 7.31
a Geometric mean b For the .05 level.
4.5» Flux Calculations
The diffusion coefficient for N^O was used as follows to estimate
N^O fluxes during the two years of f ie ld  experiments.
Fick*s 1st Law was applied and integrated over time, i .e . :
Flux/Unit Area = -  D  ̂ dc/dx 4*7
It  was assumed that the concentration gradient from 0 to 15cm
depth was constant, and that the concentration of No0 on the so il
—6 -1surface was 0.3 x 10 mlml , i .e .  i f  was the concentration of 
N̂ O at the 15cm depth in the so il (ml ml- ^), then:
dc/dx = (C -0.3 x 10_ 6 ) / 1 5 4 . 8
The approximate times when NgO concentrations in the so il p ro file  
were increased appreciably above ambient were from 5-9-78 to 13-6.79 
and from 10.10.79 to 18.4-80 in the two years of f ie ld  experiments. To 
calculate an. upper and lower lim it ' fo r  fluxes, tensions' of 5 and 1kPa 
were assumed and D^, assumed to be constant to a depth o f 15cm, was 
taken as that for the 5-10cm depth from Table 4-1 fo r  5kPa, and by 
extrapolation of the 5- 10cm depth line of Fig. 4-4 fo r 1kPa.
The flux  was calculated by substituting
-1 5 0 -
equation 4-8 into 4-1 and converting the flux from ml cm s to 
-1  -1kg I  ha d It  was assumed that there was no flux from Jan.
25th to Feb. 16th 1979 because the ground was frozen.
 2 -1
Table 4.2 Estimated losses of N^O -  N in winter 78/79 and 
79/80 under 3 treatments
Total Loss of N^O-N (kg ha ' )
Control Slurried Fertilised
78/79 Upper lim ita 5-7 5-3 11 .2
Lower limit''3 1.3 1.3 2.7
79/80 Upper lim ita 0.8 1.9 2.0
Lower lim it'3 0.2 0.4 0.5
a assuming a tension of 5kPa 
b assuming a tension of 1kPa
In the preliminary f ie ld  experiment (F ig. 4*5) i t  appeared that 
most of the loss occurred immediately following the thaw. This is  
probably unrealistic since at this.time the so il, even at the 15cm 
depth, was close to saturation, and therefore the flux was over­
estimated. I f  a tension of 1kPa is assumed for the f ir s t  sampling 
occasion a fter the thaw, and 5ki>a at a l l  other times, the estimated 
losses of 6.0, 3*1 and 2.7 kg N ha  ̂ in the fe rt ilised , slurried, 
and control plot, are probably more rea lis t ic  than the upper limit 
shown in Table 4.2.
In the two weeks following the application of slurry and fe r t i lis e r ,  
between 0.2 and 1 kg N ha was lost (assuming a moisture tension of 
1 and 5 k]?a respectively ), while at other times fluxes of were 
low in a l l  p lots. Thus in spite of the large slurry application, 
losses o f N^O-N were much higher from the fe rt ilised  plot.
In the randomised block experiment (F ig. 4*6), estimated fluxes 
were much lower than in the previous year. The flux of N̂ O from 
control plots was less than half that from the treated plots.
Fluxes were highest in the autumn in the slurried plot and over the 
winter from the fe rt ilis e d  plot.
-151-












































AIthough the assumptions made were not s tr ic t ly  valid , the 
estimated flux was probably between the upper and lower lim its given 
in Table 4-2. Since so ils  are usually at lower tensions than f ie ld  
capacity during the winter, the lower estimate was probably more 
accurate than the higher.
-4  -1Estimated fluxes ranged from 2 . 3 x 1 0  to 5 - 3 x 1 0  kg U
- 1  - 1ha d , which as Table 1.5 shows, is  typical fo r non-irrigated  
agricultural systems.
Total N losses through N^O-N represented a s ig n ific a n t percentage 
o f applied N. I t  is  d i f f i c u l t  to estimate to ta l  N loss from rhe 
resu lts ; previous work has shown the to N^O ra t io  to vary from 
2 to 37 and to depend on many fa c to rs  (see Section  1 .5 -3 )- df a 
fa c to r  o f  10 is  assumed, then in  f e r t i l i s e d  p lo ts  in the prelim inary 
experiment and the randomised block experiment, up to 60 and 20kg N ha 
resp ec tiv e ly  were lo s t ;  i . e .  a la rge  proportion  o f  the N applied .
i
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5. INCUBATION EXPERIMENTS TO DETERMINE RATES OF DENITRIFICATION
The aim of the incubation experiments was to investigate the 
kinetics of denitrification and the relative rates of reduction of 
NO^ and N^O, and to determine under what conditions high N^O con­
centrations are likely during denitrification. Secondary aims were 
to see how effectively ^2^2 i ^ ^ i t e d  ^ 0  reduction and whether 
rates of NO^ and N^O reduction differed between soil which had 
recently received large amounts of slurry and unamended soil.
5. 1 Soil
The soil was from the field site described in Section 2.1, 
sampled on 25th September 1978 from the control and slurried plots. 
The slurried plot had received a large application of slurry a few 
weeks previously. Samples from 0— 10, 10-20, 20-30 and 30-40cm 
depths were air-dried, passed through a 2mm sieve and stored in the 
laboratory. Nitrate analysis was carried out as described in 
Appendix 6 on all soils (Table 5.1).
Table 5.1. Nitrate concentrations in soils used for incubation 
experiment.
Depth Nitrate(yg-N g  ̂ soil)
(cm) Slurried Plot Control Plot
0 - 1 0  111 25
10 - 20 48 10
20 - 30 35 7
30 - 40 3.7 0.7
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5.2 Incubation Procedure
Three grams of soil were covered with 10ml of water in glass
tubes (internal volume 26.4ml) and sealed with Subaseal rubber
stoppers. Air was flushed out by a stream of or entering
and leaving the tube via hypodermic needles through the stopper for
lh. (Fig. 5.1). Concentrations of 0 in the glass tubes during the
-1experiments ranged from 0 to 0.03ml ml but the differences between 
replicates were not related to 0^ concentrations, i.e. the layer of 
water and low gaseous 0^ concentrations were sufficient to maintain 
anaerobic conditions in the soil.
The incubations were carried out in the laboratory at 23°C. 
Before sampling with a syringe previously flushed with N , the tubes 
were shaken to establish equilibrium between the liquid and gaseous 
phases. After sampling an equal volume of was injected into the 
tube to maintain atmospheric pressure. Analysis for N^O was as des­
cribed in Appendix 3.B.
5.3 Incubation Experiments
Experiment 1. Measurement of rates of N0^ reduction.
If completely inhibits N^O reduction without affecting N0^
reduction, then the rate of N^O formation should equal the rate of 
N0^ reduction. At high enough concentrations previous work has
shown this hypothesis to be valid (see Section 1.2.4.1) .
Soil samples from each depth and from both plots were incubated 
in triplicate for 12 days as described in Section 5.2, C E  being 
used to flush out the tubes. At the end of the incubation, gas in 
the tubes was analysed for C0^ to compare respiration rates. The 
tubes were then reflushed with C^E^ to remove all N^O and reincubated 
to see whether high N^O concentrations were inhibiting further NO^ 
reduction. The soils were then analysed for N0^ as described in 
Appendix 6.
-1 5 6 -
p la s t ic
tube
F ig . 5•1• Method fo r  flu sh in g  tubes with
i
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Experiment 2. Measurement of rates of N^O reduction.
Soil samples were f ir s t  incubated in trip licate  in an atmosphere 
of for 4 days to remove a l l  NÔ  . Tubes were then reflushed to 
remove N^O and 0.2ml and 0.1ml of pure N^O (250pg and I25yg of 
N^O-N) were injected into tubes containing so il from the slurried and 
control plots respectively. The incubation was continued, gas samples 
being taken for N^O analysis at intervals until a l l  N^O had dis­
appeared. Soil from the control plot was also incubated with the 
tubes continuously shaken, to see whether diffusion of N^O through 
the water layer was lim iting the rate of reduction.
Experiment 3. Incubation of so il without ^2^2*
Experiment 2 was repeated, but without the in it ia l  incubation 
to remove N0  ̂ , so that N0  ̂ and N^O reduction could occur simult­
aneously. Concentrations of N^O in the tubes were corrected to allow 
for N̂ O removed during sampling as described in Appendix 3.B 
(equation A .10), and therefore when N̂ O concentrations subsequently 
decreased it  was necessary to multiply measured N^O concentrations 
by a factor F where:
F = corrected maximum concentration/measured maximum
concentration 5.1
5.4 Results and Discussion 
Experiment 1.
There was a lag period of 1 day for so il from the 30-40cm depth 
before den itrification  began, but not at other depths (Figs. 5.2 and
5.3). The rate of N^O formation increased to a maximum after about 
lOh and 20h in so il from the control and slurried plots respectively, 
but during the f i r s t  lOh N̂ O concentrations were sim ilar for so ils  
from the same depth from both plots. During the time taken to reach 
maximum rates either NÔ  reductase was being synthesised or the 
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seemed to be determined by the in it ia l N0^ concentration.
Rates of N^O formation later decreased and N^O concentrations 
then remained fa ir ly  constant for 10 days although later there was 
some decrease in N^O. This could have been due to slow leakages 
through the subaseals, which had by then been punctured many times.
Thus ^2^2 WaS comPle te ly effective as an inhibitor of N^O reduction 
for at least 10 days.
Almost a l l  the NÔ  present in it ia lly  was accounted for as N^O 
(see Table 5 .2 ). Following the reflushing with there was no
increase in N^O and therefore no evidence of high N^O concentrations
inhibiting N0„ reduction. After the incubations measured NO
-1 . •concentrations were a l l  less than 0.2yg -N g (the limit of detection).




(yg g ' )
N^O as proportion of NÔ  
present in it ia lly  (%)
Control 0-10 26.0 103
10-20 12. 1 118
20-30 6.9 95
30-40 0.8 132




Since the rate of NÔ  reduction decreased as N0  ̂ concentrations
decreased and rates of reduction were higher in the so il from the
slurried plot which contained higher NO concentrations, the data
or . .
suggest f ir s t  order^Michaelis-Menten kinetics, both of which have been 
suggested in the literature (see Section 1.4.3. ) .
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Although there were few points in Figures 5.2 and 5.3 after 
maximum rates had been reached, tests were made to see whether the 
data after this time fitted the Michaelis-Menten equation (see 
Equation 1.17) or first order kinetics (Equation 5.2 below).
[N03~ - N] = [N03 - N ] t=0 exp (-kt) 5.2
where k is the 1st order rate constant (h )̂ 
t is time (h)
[NC>3 - N] is the nitrate concentration (yg N g )̂
To test for Michaelis-Menten kinetics [NC>3 - N] /v. was plotted
against [NC>3 - N], but this did not give a straight line for any of
the soils incubated. To test for 1st order kinetics In (N03 - N ]/
[N03 - N] t=Q was plotted against t. This gave a straight line for 
some of the data for soil from the control plot from the O-lOcm 
depth and from the slurried plot from the 0~10, and 10~20cm depth.
Maximum rates of N03 reduction (Table 5.3) were of the same 
order of magnitude as other rates for cultivated soils published in 
the literature (see Section 1.4.3) and decreased with depth, 
especially below 30cm as was also found by Germon and Couton (1981). 
Higher rates in soil from the sl.urriea plot may have been due to higher 
nitrate concentrations or to increased microbial activity as a result of 
the readily oxidisable material added as slurry. Respiration was also 
increased in soil from the slurried plot (Table 5.3).
Table 5.3. Maximum rates of ^ 0  formation and final CO^ 
concentrations in incubation with ^2^2 "
Depth Maximum rates of N O  formation Final CO^ concentration
(yg - N g h ^)_______   (ml ml 1)________
  Slurried___________Control Slurried_______ Control
0-10 2.56 1.00 0.051 0.033
10-20 1.96 0.74 0.033 0.024
20-30 1.28 0.36 0.027 0.015
30-40 0.14 0.04 0.010 0.006
-1 6 2 -
Experiment 2.
The needle used for injecting N^O was found to be partially
blocked, resulting in some variation in initial N^O concentrations
in the tubes. To enable the data to be compared more easily, zero
time in Figures 5.4 and 5.5 was taken as the time when the amount
of N 0-N in the tubes was lOOyg (4.05 x 10 3 ml ml ') and 220yg 
3 _ 1(8.9 x 10 ml ml ) for soil from the control and slurried plot 
respectively.
Rates of N^O reduction decreased as ^ 0  concentrations decreased 
in all samples, suggesting Michaelis-Menten or 1st order kinetics. 
However, a plot of [N^O-Nj/v against [N 0-N] (see Equation 1.17) did 
not give a straight line for any of the soils, indicating that the 
reduction did not follow Michaelis-Menten kinetics. A plot of 
ln( tN^O-N) / [N 0-N] q ) against time (Fig. 5.6) gave a straight line 
until N^O concentrations reached about 0.2 of the initial concent­
ration but at lower concentrations the rate was higher than would 
be predicted from a first order reaction.
First order rate constants for initial parts of the graphs and 
the rates of reduction at 30 and lOyg N^O-N g ' are given in Table 5.4.




1st order rate 
(h_1)
constant
Rate of N^O-N reduction (yg 
at N^O-N concentration
g h ) 
of
30yg g 1 lOyg g 1
Slurried Control Slurried Control Slurried 1 Control
0-10 0.093 0. 122 2.8 4.4 1.3 0.9
10-20 0.071 0.095 2.1 3.3 1. 1 1.0
20-30 0.061 0. 110 1.9 4.4 0.9 1. 1












































































































Fig. 5 .7 . N̂ O reduction in continuous 
shaking experiment
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It is clear from the Table 5.4 that for soils from a l l  depths, at high 
N̂ O concentrations, rates of N^O reduction were much higher than for 
NÔ  reduction at high nitrate concentrations (c . f .  Table 5.3). The 
rates of reduction in Table 5.4 are higher than those in the published 
literature (see Table 1.2) but this may be because of the high N^O 
concentrations used in the experiment. At lower N^O concentrations 
rates are comparable with those for NÔ  reduction for the surface 
soil but much higher for soil from lower depths. Since rates of N̂ O 
reduction were more or less the same for soil from both plots at a l l  
depths ,diffusion through the water layer was probably limiting re­
duction .
When the soil was continuously shaken (see Fig. 5.7) rates of 
reduction were constant at least to 7yg N^O-N g , and were much 
higher, even for so il from the 30~40cm depth, than rates when the 
tubes were not shaken, confirming that diffusion through the water 
layer limited reduction in the latter situation.
Table 5.5. Rates of N„0 reduction in continuous shaking experiment.
Depth
(cm)
Rate of ^ 0  reduction 






In the incubation with no or N^O added, N^O concentrations
increased to a maximum and then declined to zero (Figs. 5.8 and 5.9). 
At a l l  depths, but especially at O-lOcm and 10-20cm, 1^0 concent­
rations for soil from the slurried plot were very much higher than 
for so il  from the control plot. The peak N^O concentrations decreased 
sharply with depth, and for so il from 30-40cm depth, did not exceed
-1 6 8 -
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1 x 10 ml ml and 3 x 10 ml ml for the control and slurried 
plot respectively. Initially rates of N^O formation were low, and 
then remained constant over some hours (Table 5.6). During the period 
when N^O concentrations decreased, rates were approximately constant 
(Table 5.6).
Table 5.6. Rates of N^O formation (maximum rates) and reduction in 
incubation with no or N^O added.
Depth
(cm)
Rate of N^O 
(yg N g 1
formation
h " 1)
Rate of N^O disappearance 
(yg N g 1 h 1)
Control Plot Slurried Control Plot Slurr ied
0-10 0. 127 4.70 0. 143 1.34
10-20 0.033 1.54 0.024 0.757
20-30 0.015 0.08 0.016 0.053
30-40 n. d. n.d. n.d. n.d.
n.d. - below the limit of detection
Nitrate concentrations after 3 days were below 0.2yg N g (the 
limit of detection) in all tubes.
For soil from the slurried plot, at all depths, the time for N^O
to reach zero was very similar to the time for N^O to reach maximum
concentrations in the incubation with C (c.f . Figs. 5.3 and 5.9).
This suggests that N^O reached zero when all NO^ had been reduced.
For soil from the control plot it was difficult to estimate from 
Figure 4.8 when N^O concentrations reached zero, because there were 
no measurements between 12 and 28h, by which time N^O concentrations 
were zero. However, in the incubation with , N^O concentrations
for all samples except those from l0-20cm had not reached the maximum 
by 28h (see Fig. 5.2). Thus in experiment 3, for soil from the control 
plot NOg probably remained even after N^O had reached very low 
concentrations.
For soil from the slurried plot from O-lOcm and l0-20cm, N^O
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concentrations were very similar in the incubations with and without
for the first 15h (c.f. Figs. 5.3 and 5.9) suggesting that the
high NO^ concentrations inhibited N^O reduction in Experiment 3,
as has been suggested in the literature (see Section 1.4.4.7).
Inhibition was total until NO concentrations reached 86yg N g ^
-  ]
m  the soil from 0-10cm,and 40yg N g in that from I0-20cm. After 
15h rates of N^O formation were lower than in the incubation with 
C^H^, implying that N^O was also being reduced. At other depths 
and for soil from the control plot, even initially N^O concentrations 
were lower than in the incubation with probably because NO^
concentrations were not high enough to inhibit N^O reduction.
Rates of N^O disappearance were also much lower than rates 
measured in the incubation with N^O (Table 5.4) except for soil from 
the slurried plot at O-lOcm and 10-20cm, probably because N^O con­
centrations were much lower than those of Experiment 2.
Although in Experiments 1, and 2, NO^ and N^O reduction was 
not a straightforward 1st order reaction, there was clear evidence 
in both experiments that rates were concentration-dependent. Thus 
initially, with high NO^ and low N^O concentrations, N^O was formed 
faster than it was reduced and concentrations therefore increased. 
Later, as N^O concentration increased and NO^ concentrations decreased, 
the rate of production of N^O decreased and the rate of reduction in­
creased, leading eventually to a maximum and then a decrease in N 2O 
concentration. If first order kinetics is assumed then at the 
maximum
K2 /K j = [ N03“- N)/[N20 - N] 5.3
where K is the first order rate constant for nitrate
' . - 1reduction (h )
K2 is the first order rate constant for N 20 reduction (h ')
Using Figures 5.2 and 5.3 to determine NO^ concentrations at 
the time of the N 20 maximum, values of K^/K^ were calculated (see 
Table 5.7). This confirmed that rates of N20 reduction were much
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higher than for NO^ reduction, especially for soil from greater 
depths; however, at high NO^ concentrations, i.e. in soil 
from the slurried plot from the O-lOcm and l0-20cm depth, rates of 
NO^ and N^O reduction were comparable, again indicating inhibition 
of N O  reduction by nitrate.
Table 5.7. Estimates of K^/K^ from incubation of soil with no 
C 2H 2 or N20.
Depth K ^ / K j for soil from
(cm) Control Plot Slurried Plot
0-10 25 .9 1.25
10-20 39.3 2.41
20-30 61 .6 38.3
5.5 Conclusions
In an atmosphere of N^O reduction was completely inhibited
for at least 10 days and recovery of NO^ as N^O was complete.
Nitrate reduction began immediately but rates of reduction took 
several hours to reach a maximum, the time and maximum rate depending 
on the initial NO^ concentration.
While the data for both NO^ and N^O reduction did not completely 
fit first order or Michaelis-Menten kinetics, there was evidence of 
substrate concentration dependence, probably because rates were limited 
by diffusion. Rates of NO^ reduction decreased more sharply with 
depth than rates of N^O reduction.
From the incubation of soil in the absence of 0 2 ^ »  for soil below 
20cm, denitrification (indicated by N0^ disappearance)took place even though 
virtually no ^ 0  was detected, since rates of N 2O reduction were higher than 
for NO^ reduction. However, high N2O concentrations were found in the in­
cubation of surface soil, especially from the slurried plot, probably 
because, of the inhibition by N0^ of ^ 0  reduction.
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6. THE EFFECTS OF C2H ON SOIL PROCESSES.
It was intended to introduce into the soil in enclosed microplots
in the field once a week so that measurement of the N^O flux from 
the soil at that time would give an estimate of total denitrification. 
Therefore, prior to setting up the field experiment, the effects of 
C^H^ on the soil were investigated.
Since affects processes such as nitrification as well as
denitrification (see Section 1.2.4) expériments were designed to 
determine the effects of on mineralisation, nitrification and N ?0
reduction, and whether any effects which occurred were reversible.
6.1 Soil
The soil used in all the experiments was from the 0-20cm depth 
from the field site described in Section 2.1, and had been collected 
in July 1980, passed through a 2mm sieve and stored field moist 
(0.13ml g ' dry soil) at 4°C for about 7 months.
6.2 Mineralisation and Nitrification of N in the Presence and 
Absence of C^H^,.
Experiment 1.
The incubation procedure was similar to that described by 
Bremner (1965b), to give an index of N availability. To each of 6 
Erlenm eyer flasks (volume 500ml) containing 10g soil and 30g sand,
6ml of water were added, and 3 other flasks containing only water 
and sand were also prepared to act as controls. This ratio of sand, 
soil and water ensured good aeration and optimum moisture content 
for mineralisation and nitrification regardless of the moisture re­
lease characteristics of the soil. The acid washed sand was first 
boiled in alkali to remove any NH^+ , and then rinsed well until all 
alkali was removed, the final rinsing being in double distilled 
water. The flasks were fitted with subaseal rubber stoppers, and 
25ml of added to three of the flasks containing soil, after 25ml
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of air had been removed, giving an C„H concentration of about 
-10.04ml ml . Since ^2^2 conta:’-ns about 2% acetone by volume, and 
at high concentrations acetone is known to inhibit nitrification 
(Hooper and Terry, 1973) acetone was removed by passing the gas from 
the cylinder through water. The incubation was carried out for 2 weeks 
at 30°C and the flasks were periodically sampled for CO^, 0  ̂ and
N O analysis (Appendix 3.B). The soils were then analysed for NH, +
2 . + . . . 4and NO^ (see Appendix 6 - NH^ analysis m  all experiments in
Chapter 5 was by Method 2).
Where no was added (Table 6.1) the increase in total in­
organic N was almost all in the form of NO^ , indicating rapid nitri­
fication, but in the presence of , NH^ increased to very high
concentrations while NO actually decreased, indicating that, at
-1 . . . . .0.04 ml ml , inhibited nitrification virtually completely.
The presence of also reduced the increase in total inorganic
N during the incubation by more than half, thus it apparently had 
a significant effect on mineralisation also.
Table 6.1. Inorganic N in aerobic incubation in presence and 
absence of ^^2'
Form of Inorganic N in Soil (yg-N g ') Change in Inorganic N 
in soil (yg-N g~*)inorganic Be fore Af te r Inc ubat ionN in soil Incubation +C2H2 -C2H2 +C2H2 -C2H 2
NH, +4 1.0 15.6 0.9 +14.6 - 0. 17
N°3~ 25.6 19.6 47.3 - 6.0 +21.7
Total 26.6 35.2 48.2 + 8 . 6  +21.6
Experiment 2.
Flasks were prepared as in Experiment 1, with 3 control flasks, 5
without and 8 flasks with 0.05ml ml 2 ^2^2’ an<̂  following a prein­
cubation at 14°C for 4 weeks 2 flasks with and 2 without were
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analysed for NH^ and NO^ (Appendix 6), while all remaining flasks
were flushed with air and the stoppers were replaced. To three of
the flasks preincubated with 25ml of was added and all
flasks were incubated at 30°C for two weeks. All the soil was then
analysed for and NO^ . During both incubations flasks were
sampled periodically for CO^, 0^ and N^O analysis.
In the absence of (Table 6.2) the increase in total in­
organic N was largely in the form of N0^ following both the period 
of time at 14°C and at 30°C. For soil exposed to ^2^2 throughout, 
N0^ decreased and NH^ increased during the period at 14°C and there 
was no overall increase in total inorganic N but after 2 weeks at
30°C both NH.+ and N0„ had decreased almost to zero. For soil in- 4 3
cubated at 30°C without the release of N was slightly greater
and nitrification much greater for soil pretreated with than for
soil pretreated without C ^ .  The effect of C^H on nitrification 
was therefore reversible.
Table 6.2. Inorganic nitrogen in incubation following a pre­








Following Incubation at 30°C 
Pretreated Pretreated 
+C2H2 -C2H2
4C2H2 -C 2H 2 +C2H2 - C2H2 -C 2H2
NH, + 4 0.7 8.0 0.0 1.0 0.2 0. 1
n o 3' 25.7 18.5 41.9 3.5 49.2 59.0
Total 26.4 26.5 41.9 4.5 49.4 59. 1
-1 7 6 -
Gas analysis showed 0 concentrations above 0.18ml ml ' and NO
”*6 _ i  ^
below 1 x 10 ml ml during both experiments, i .e .  a l l  flasks were 
aerobic throughout the experiment. In both Experiment 1, and in the 
preliminary incubation at 14°C in Experiment 2, CÔ  concentrations 
increased more quickly in flasks treated with (see Fig. 6.1).
In the incubation at 30°C in Experiment 2 the difference became even 
more marked, but the preincubation with or without made l i t t le
difference to CÔ  production in flasks without added (Fig. 6.2). The
extra (X^ formed indicates that caused some sort of unusual
microbial activity, which possibly led to a requirement for inorganic 
N, thereby decreasing NĤ  and NÔ  during the incubation.
6.3. Effect on Mineralisation and Nitrification of Contact with 
fot 24h in each w e e k .
The incubation method-was similar to that described in Section 
6.2, except that the temperature was 15°C, which was more typical of 
field temperatures.
After sealing with stoppers, sufficient was added to 3
flasks to give a concentration of 0.005ml ml and to another 3 
flasks to give a concentration of 0.05ml ml ' ,  the other 3 acting as 
controls. After 24h was removed by evacuating and f i l l in g  with
a ir  3 times, and then the flasks were incubated for a further 6 days.
This procedure was repeated 4 times and at the end of the final 6 
day incubation the flasks were analysed for CO^, 0^ and
(Appendix 3B), and then for NĤ  and NÔ  (Appendix 6).
In the control flasks there was a slight increase in NÔ  con­
centrations and a slight reduction in NH^+, but the overall increase 
in total inorganic N was not large because of the low temperature 
of incubation (Table 6.3). At 0.005ml ml ' ^2^2 concentrat:’-on both 
NH^+ and NÔ  concentrations decreased slightly, while at 0.05ml ml 1 
■virtually a l l  inorganic N had disappeared by the end of the experi­
ment. Thus even though the 02^2 was in contact with the soil for
only 1 day per week, at 0.005ml ml  ̂ ^„H mineralisation and
-1n itr if ication  were sligjhtly inhibited and at 0.05ml ml almost
Time (d)
Fig. 6.1. CO2 concentrations in flasks in incubation with and 
without C2H2
Time (d)
Fig. 6.2. CC>2 concentrations in flasks following preincubation 
with and without
totally inhibited so that N was taken up by micro-organisms faster 
than it could be supplied by mineralisation.
At the end of the experiment, following a 6 day period without 
^2^2* concentrat^ons i-n aH  flasks w e r e ^ 0 . l 9 m l  ml  ̂ showing that
the flasks remained aerobic. No C H was detected in any of the
.  .  .  1 flasks (limit of detection 0.001ml ml ). Concentrations of CO were
-1over 7 times higher m  flasks treated with 0.05ml ml ^2® 2 t*ian 
the control flasks. Thus there was evidence of stimulation of micro­
bial activity by (which perhaps gave rise to a high demand for
inorganic N) the effect continuing even when C^H^ was removed.
Table 6.3. Inorganic N 
per week.




Inorganic nitrogen in the soil (yg N g 1 )
Initially Following incubation with
no C 2H2 0.005ml ml 1 0.05ml ml ’c ^
NH,+4 10 . 1 6.5 8.3 2.9
n o 3‘ 64.2 72.4 62.2 1.9
Total 74.3 78.9 70.5 4.8
6.4. Effect of C^,H^ at 2 Concentrations on N .̂0 Reduction.
Nine 500ml Erlenmeyer flasks, each containing lOg soil and 20ml 
of water were fitted with a Quickfit adjustable Drechsel head, in 
which the gas inlet tube had been replaced by a silicone septum, and 
the outlet tube connected to a 3~way stopcock (Fig. 6.3). The flasks 
were evacuated and filled with N ^ , through the 3~way stopcock, 3
times. To 3 flasks C„H? was then added to give a concentration of






500ml Erlenmeyer flask 
Adjustable Drechsel head (Quickfit) 
Silicone septum 
3 way stopcock
Fig. 6.3. Flasks used in incubation experiment
Fig. 6.4.
Time (d)
concentrations in incubation with 3 concentrations 
off C2H2
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flasks were incubated at 30°C and N20, C02 , C2H2 and 0? concent­
rations were measured periodically.
Rates of NO^- reduction were much lower than those reported in 
Section 5.4. This may have been because the flasks were not: completely 
anaerobic; concentrations of 02 in the flasks up to 0 .017ml ml ' 
were measured.
The results show that at an C2H2 concentration of 0.05ml ml ',
N20 reduction was completely inhibited for at least 18 days, since
the N O  maximum corresponded to the NO in it ia l ly  present in the
-  1  ̂_ .
soil (62.6yg N g ), while at 0.005ml ml , C2H2 was only partia lly
effective (Fig. 6.4).
After 18 days, because the septa had been repeatedly punctured, 
the flasks began to leak and the results were unreliable. In spite 
of leakages, after 2 weeks, C02 increased more rapidly in flasks con­
taining C H and after 41 days concentrations were 0.115, 0.063 and
- I  . . . -10.056ml ml m flasks containing 0.05, 0.005ml ml and no C2H2
respectively. The concentration of C2H2 declined to half the original 
concentration but this may have been due to leakages.
6.5. Effect on N20 Reduction of Contact with for 24h in each
week.
To each of 9 Erlenmeyer flasks of known volume, lOg of soil and
20ml of water were added, and the flasks were fitted  with stoppers
as described in Section 6.4, and evacuated and re f i l le d  with N2 3
times. Acetylene was added to 3 flasks to give a concentration of
0.005ml ml  ̂ and to 3 to give a concentration of 0.05ml ml ' ,  and
-4 - 1N20 was added to a l l  flasks to give 1 x 10 ml ml . After 24h, 
gas samples were analysed for N20 and 02 (see Appendix 3B) and
flasks were evacuated and re f i l led  with N 3 times. Again, NO was
- 4 - 1  .added (1 x 10 ml ml ) and the flasks incubated for a further 6 days
with samples taken for analysis of N20, 02 and C02 after 2 and 6
days. The whole procedure was then repeated 5 times. At the end
o f the experiment s o i ls  were analysed for N0^~ and NĤ  (Appendix 6 ).
During the first 2 cycles, on days when ^2^2 WaS P resent> ^^3 
already present in the soil was reduced so that N 20 increased 
during the 24h. It is clear from Table 6.4 that 0.005ml ml '
C2H2 did not totally inhibit N^O reduction since N 20 was lower than 
in flasks containing 0.05ml ml ' C2H 2 ‘ In tlle fo•*--*-ow -̂n g week s , N O  
reduction was less in flasks containing but inhibition was not
complete even at the higher level. However, there was no evidence 
of any further lessening of the inhibiting effect of C2H2 after 6 
weeks.
During the first 6 day incubation, between successive C 2H2 
additions, N 20 concentrations increased during the week, but in the 
following weeks N 20 decreased, with flasks which had been treated 
with C2H2 having higher N20 concentrations than the controls (Table 
6.5). The results show, therefore, that the effect of C2H2 was not 
immediately reversible. For flasks which had been treated with the 
lower C2H2 concentration (but not for flasks with the higher concent­
ration), during the last 4 days of the incubation N20 reduction was 
similar to that in the control flasks, i.e. after 2 days the
micro-organisms recovered the ability to reduce N 20.
No C>2 was detected in any of the flasks during the incubation.
In contrast to previous experiments there was no difference in C02 
concentrations after the 6 day periods without £3^2 ”
No NO remained in any of the flasks at the end of the experi-
t- -1ment but NH, concentrations had increased from 4yg N g to 21yg N 
-1 4g xn all treatments, therefore the presence of for 1 day per
week did not affect anaerobic mineralisation.
-1 8 2 -
Table 6.4. N^O concentrations after 24h incubation with N^O and
at 3 concentrations, in successive weeks.
Week N^O remaining in flasks (% of initial concentration)
N ° C2H2 0.005ml ml 1 C2H 2 0.05ml ml" 1 C H
1 207 249 284
2 1 1 1 128 134
3 69 93 90
4 82 99 101
5 76 78 87
6 71 89 92
Table 6.5. N 20 concentrations 
with no added
after 6 day incubation with N O
Week Day N2 0 remaining in flasks (% of initial concentration)
No C2H2 0. 005 ml ml ^ C2H2 0.05ml ml" 1 C H
1 2 309 357 351
6 268 545 544
2 2 64 76 86
6 26 44 73
3 2 64 90 98




6 30 69 80
5 2 32 64 85
6 9 43 76
6.6. Conclus ions
At concentrations of 0.04ml ml , completely inhibited
n itrification , reduced aerobic mineralisation, and caused a build up
*f
of NH4 . The effect on the soil of contact with C H at 0.04ml
-1 .ml for 4 weeks was reversible and m fact n itrification  was then
faster because NĤ  had bu ilt  up. Unexpectedly, after prolonged 
contact with C2H2 , concentrations of NÔ  and NH^+ became very low.
When aerobic soil was in contact with C„H for 1 day a week for
- 1
5 weeks at a concentration of 0.005ml ml , there was l i t t le  difference
in release of inorganic N compared with the control receiving no .
At 0.05ml ml ' C„H for 1 day per week, concentrations of both NH.+
2 2 4
and NÔ  decreased.
In an anaerobic experiment 0.05ml ml ' C H was sufficient for
. . . . -1complete inhibition of N20 reduction for 2 weeks, but 0.005ml ml
was only partia lly  effective. At the lower concentration applied 
for 1 day per week, the effect of was reversible after 2 days
but at the higher concentration 1^0 reduction was at least partia lly  
inhibited for 6 days after had been removed.
In all the experiments reported here, except Section 6.5, C02 
production was higher in soil treated with C2H2 , indicating that 
C2H2 stimulated microbial activity. In one experiment there was 
evidence of concentrations decreasing (Section 6.4) but in
other experiments the sensitivity of the analysis did not allow small 
decreases in C2H2 concentrations to be demonstrated. Recently reports 
have appeared of 6^2 acting as a substrate for certain (rare) 
microorganisms (see Section 1.2.4.2). It  is  possible therefore that 
the extra C02 was formed by the oxidation of This may also
account for the large decrease in inorganic N during some incubations, 
since i f  a population of C2H2 oxidisers grew rapidly, they would 
generate a demand for inorganic N.
The implications for the use of C2H2 in fie ld  experiments are 
as follows:
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- nitrification may be affected by the use of ̂2^2 '
- concentrations of ^ ^ 2  >0*005ml ml ' for effective
inhibition of N O  reduction.
- C2H 2 may continue to have an effect on ^ 0  reduction for at 
least 6 days after its use.
- C0 2 concentrations may increase as a result of the use of
-185-
7. INVESTIGATIONS OF THE ABILITY OF C ?H2 TO SUPPORT MICROBIAL
GROWTH.
Incubation experiments had shown that C^H^ increased CO^ pro­
duction in aerobic conditions while large quantities of inorganic 
N s and possibly some ^2^2 disappeared (Chapter 6). Recent reports 
(see Section 1.2.4.1 ) suggested that there may be a species of bacterium 
in the soil capable of using ^ ^ 2  as a ^ source. Soil incubation, 
agar plate culture and liquid culture experiments were designed to 
test whether C2^2 WaS to suPPort P^e growth of microorganisms
from soil, and what kinds of microorganisms were responsible.
7.1 Soil Incubation
Soil from the field plot (as described in Section 6.1) was in­
cubated with and without £2^2 t^ e Presence solutions of in­
hibitors of biological activity or water alone. If the effect of 
^2^2 were chemical, inhibitors would make little difference, while if 
it were biological, they would be expected to reduce it,.
To each of 16 500ml Erlenmeyer flasks of precisely known volume,
20g soil and 60g of acid washed sand were added and mixed, followed 
by 11ml of distilled water. To each group of 4 flasks, 1ml of one 
of the following solutions or water as a control was added:- 
-21) 10 M potassium fluoride (prevents the formation of 
pyruvate from glucose and therefore inhibits respiration 
of all organisms).
2) lg 1 ' chloramphenicol (inhibitor of protein synthesis 
in most bacteria).
3) lg 1 ' cycloheximide (inhibits protein synthesis of
j
fungi, algae and protozoa).
The moisture content was around field capacity - the optimum for 
aerobic microbial activity. All flasks were sealed with subaseals, 
and 30ml of air was replaced by 30ml C H2 by syringe in 2 flasks from 
each treatment. All flasks were incubated at 30°C for 6 weeks, and
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gas samples taken at intervals for CO^, ^2^2 anc* *“*2 anabysas ( see 
Appendix 3B) . Four weeks after the incubation, flasks were reflushed 
and sealed and a further 20ml of C2H2 were added to flasks previously 
treated with C2H2; gas concentrations were monitored over the next 
few days.
In flasks to which C2H2 was added, for a l l  treatments, C0? 
production was greater and C2H2 concentrations decreased to zero 
(Fig. 7.1). Flasks containing fluoride, with and without C2H2> 
showed similar concentrations of C2H2 and C02 to the control. In 
the presence of ^2 ^2 ’ enhanced C09 production began after about 13 
days in the fluoride treatment and the control, but at 20 and 10 
days with chloramphenicol and cycloheximide respectively. The rate 
of ^ ^ 2  consumPt^on was greater with cycloheximide, a l l  C2H2 dis­
appearing by 17 days, suggesting that W3S consumeh by bacteria
rather than fungi.
The lag period prior to C2H2 consumption suggests either that 
the few organisms responsible, which were present in it ia l ly ,  grew 
rapidly in numbers after a few days or that adaptation of existing 
organisms took a similar time. The rate of C02 production in C2H2 
treated flasks always corresponded to consumption, but; only
half as much extra CC^-C was produced as C2H2~C was consumed, sug­
gesting that C2^2 WaS bei-ng incorporated into microbial ce lls  as
well as being used for respiration. The decrease in 0 (about 0.07ml 
- 1
ml ) in flasks with C H compared to those without, was almost the
-1same as the increase in C02 (about 0.06ml ml ) at the time when C2H9 
had disappeared. The lowest 02 concentration measured was 0.07ml ml 
This gives further proof that the process is aerobic.
When the second C addition was made, C2H2 concentrations 
began to f a l l  after 1 day in a l l  flasks, and after 10 days was zero, 
except in the flasks treated with chloramphenicol. Thus the 
population of microorganisms which used C2H2 retained the ability  
even after 4 weeks without ^2^2 '
The experiment clearly demonstrated that a large population of 
microorganisms able to u t ilise  ^2^2 as a C source bu ilt  up in
-187-
- í e e -
aerobic soil and that probably the organisms were bacteria. The long 
lag period may explain why the effect has seldom been noticed pre­
vious l y .
7.2 Incubation of Soil Extracts on Agar Plates
Agar plates, containing no C source, were used to attempt to 
isolate pure cultures of the organisms able to use
The medium used was a minimal salts solution used by Whittenbury 
al. (1970) to isolate methane-utilising bacteria. If the use of 
as an energy source were an adaptation of nitrogenase activity 
(see Section 1.2.4.4), no growth would be expected with NH^ + which 
inhibits nitrogenase synthesis. Therefore plates using NH^+ and 
NO^ as the N source were used.
The minimum salts solution containing 15g Agar No. 1 (which
contains only very small amounts of available C ) , lg 1  ̂ of magnesium
sulphate, 0.2g 1 ' of calcium chloride, 0.5ml ml ' of a trace element
solution, and either 0.5g 1  ̂ of ammonium chloride or 1g 1 ' of
potassium nitrate was adjusted to pH 6.8 and autoclaved together with
a solution of 15g of di-sodium hydrogen phosphate (Na HPO .]2H„0)
2  4  2
and 15g of potassium dihydrogen phosphate (KH^PO^) in 300ml water 
at pH 6.8 for 20 minutes at 100 kPa. Using a sterile pipette 2ml 
of the phosphate solution per litre was added to the agar solution. 
After cooling the mixture was poured onto plates.
The soil used was from the experiment described in Section 7.1
and had therefore already been exposed to ^2^2 * ^ s -*-urry was “ade
from 3g soil and 3ml sterile water in a sterile test tube using a
4sterile pipette and^from this serial dilutions (to 10 fold) were 
made. For each dilution, 2 plates containing NH^+ and 2 containing 
NO^ were made up, using a wire loop to spread the soil slurry over 
the plates. One replicate was incubated without as a control,
and one with C^H^ in a metal vessel illustrated in Figure 7.2.
To maintain an atmosphere containing in the container,
C^H^ from a cylinder was bubbled through water in a Winchester bottle
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a - metal container with tightly fitting lid 
b - agar plates 
c - perforated metal plate 
d - acetylene saturated water 
e - sampling outlet
Fig. 7.2. Container used for incubating agar plates with ^2^2
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for about 10 minutes, and the C H saturated water (solubility > 1ml 
- ]ml ) was then poured into the empty metal container, the perforated 
plate replaced, and the agar plates quickly put in place, followed 
by the greased lid. Insulating tape was applied over the
joint as an extra precaution. In this way concentrations in the gas 
phase of about 0 .1ml ml  ̂ were achieved, the water acting as a 
' reservoir'of ^2^2’ sufficient f°r a ^“ 3 week incubation. The atmos­
phere in the vessel was analysed regularly for 0^ and . The
container and the control plates were incubated at 30°C for three 
weeks.
After 3 weeks each colony type was streaked onto new plates of
the same N source, as far as possible, without fungal contamination,
and the plates were again incubated with for 2 weeks. The same
minimal salts solution was used but the agar was first washed in 
distilled water to remove any soluble C compounds present.
The colonies were streaked out twice more in an attempt to 
isolate pure cultures, once as described above and once with each 
colony plated onto a medium with and without cycloheximide (a fungal 
inhibitor) added to the salts solution.
The greatly increased growth in plates exposed to (Plate
7.1) could possibly have been due to carbon containing impurities; 
acetone (up to 2%) and traces of CH^ and CO. However, most of the 
acetone had been removed by passing t l̂rou 8̂ 1 water and traces of
CH^ and CO would be insufficient to cause so much growth.
The amount of growth was dependent on the dilution used, showing
that the organisms originated from the soil and not from contamination
e.g. from the salts solution or the vessel. Growth on NO^ was
slightly greater than on NH^+ . On the control plates there were
few colonies especially at high dilutions, although slightly more
occurred with NH.+ than with N0„ . The growth was probably due to 4 3
traces of available C substrates in the agar and to soil organic 
matter.
















Plate 7.1. Growth on agar plates incubated with and without C , ^
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in shape and colour, and on most of the plates there was a good 
deal of fungal growth, mostly in association with bacterial colonies. 
Observation under the microscope showed that there was a wide 
variety of bacteria on the plates and that most colonies were not 
pure cultures. There were colonies of the same appearance on plates
with N0„ and NH.+ .J 4
After the second incubation, there was s t i l l  more than one 
colony type per plate and a lot of fungal growth. The fungi always 
grew with the bacteria but bacteriaL colonies often grew alone, 
indicating that the fungi were parasitic on the bacteria. Again
there was slightly  more growth on NÔ  than NH^+.
During the successive plating out of the cultures, the colonies 
sometimes changed colour and shape, possibly due to ageing or to 
different bacteria in a mixed culture becoming dominant. Examination 
under a microscope, after the final incubation, showed that some 
cultures were s t i l l  not composed of a single organism. Generally 
cycloheximide reduced fungal growth but inhibition was not complete.
Since the fungi seemed to be parasitic on the bacteria, i t  was 
almost certainly the bacteria which were able to use ^2^2 (Bacteria 
are known to be more adaptive to unusual environments than other 
microorganisms).
Although pure cultures were not isolated the experiment demon­
strated the ab ility  of some bacteria to grow7 on It  is  possible
that in the associations, some bacteria were living on the products
of the C2H2 utilizers .
Whereas previous evidence has indicated that only very few 
bacteria can use as a C source (see Section 1.2.4.2) at the end
of the series of incubations described here, there were at least 7 
different cultures or associations on the plates, originating from 
one so il.
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7 .3 Liquid Culture
The experiments were intended to prove, beyond any reasonable 
doubt, that the bacteria from the agar plate experiment consumed
C2H2*
A description of the colonies chosen, through each of the agar 
plate incubations is given in Table 7.1. The 300ml flasks used were 
autoclaved after adding 50ml of the minimal salts medium described 
in Section 7.2 (but agar was omitted). The cultures chosen were 
inoculated into flasks in duplicate (all of them without fungus) 
using a sterile wire loop, and sealed with sterile subaseals.
Flasks contained the same N source on which the culture had been 
grown previously. In one of the duplicate flasks 25ml of air were 
replaced by 25ml of ^2^2 ' -̂*-as^ s were shaken at 30°C and were
periodically analysed for CO^, 0^ and 02^  (Appendix 2) and for
by gas chromatography because if C 2H 2 were metabolised by a 
nitrogenase type reaction then the reduction product, would be
detectable. Hydrocarbons were separated at 110°C on a column of 
alumina (60-80 mesh, partially deactivated with sodium iodide), 
using N2 as a carrier gas (75ml ml '), and gas concentrations were
measured with a flame ionisation detector.
In a second experiment, the same procedure was followed except 
that O.lg 1  ̂ of yeast extract was added to the salts solution to 
provide any vitamins the organisms might require. The addition of 
some C compounds in the yeast extract was enough to give only limited 
growth. One flask, containing culture 1 but no > anc* a f-*-ask
containing the medium and ^ut no culture acted as controls.
One flask was inoculated with culture ] from the 1st liquid culture
experiment to make sure it would continue to grow.
In the first experiment growth was rapid with culture 1 after 
only 1 day, 75ml of C2H2 being consumed in 2 { weeks, but was slight 
in other flasks, CO2 concentrations being no greater than in the 
controls (probably due to traces of C compounds in the mineral salts 
solution). The bacteria may have required vitamins normally present 
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cultures, bacteria poison themselves, e.g. de Bont and Peck (1980) 
found poisoning with acetaldehyde, an intermediate in the meta­
bolism of to be a problem when they attempted to isolate
u t i l iz e rs .
In the second experiment, there was virtually  no growth ( i .e .
negligible CÔ  production) either in the flask containing medium
and but no culture (showing that the flasks were sterile ) or
in the flask containing medium and culture 1 but no The
final concentration in the latter flask (0.004ml ml ' )  indicated
the amount of CÔ  which could be formed from the limited C substrates
present. Of the cultures incubated with , however, only 4 and
6 failed to show much growth, CO concentrations reaching only 0.005 
-1
and 0.012ml ml respectively. In a l l  other cultures, was
consumed, and decreases in corresponded with increases in CÔ
(Fig. 7.3), proving beyond doubt that and not some impurity was
responsible for growth. Less CÔ  was produced (by volume) than 
consumed (Table 7.2) and thus more than h a lf  of the C from 
was converted to ce ll  biomass, the rest being used for respir­
ation. The consumption of 0  ̂ was approximately the same as the 
production of CÔ  (by volume).
Table 7.2 Comparison of CĈ  production and and consumption.
Culture CC>2 produced 
(ml ml )̂
C2H2 consumed 
(ml ml ' )
O2 consumed 
(ml ml )̂
1 6.6 8.3 7.3
2 7.5 7.8 8.5
5 5.0 5.6 5.4
7 4.9 5.3 4.5
8 2.6 4.8 2.6
a Calculated by subtracting CÔ in the control (0.004ml ml ' )  from
the final CÔ  concentration.
-1 9 6 -
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Concentrations of C„H. remained at ambient levels in a l l  flasks2 4
during the incubation, i .e .  there was no evidence of nitrogenase 
activ ity .
7 .4 Conclusions
The experiments showed that bacteria capable of u tiliz ing  C^Ĥ  
in aerobic conditions could be isolated from the so il. More than 
one organism was responsible and even after repeated plating out, 
colonies may not have been pure cultures, perhaps indicating an 
association of bacteria, i .e .  each species requiring the presence 
of the others to survive. The evidence for several organisms being 
capable of using as a C source is in contrast to previous re­
ports (see Section 1.2.4.2) which have indicated that the ab ility  
is limited to one or two species. Growth occurred with both NH^+ 
and NÔ  . No was produced, indicating that was not reduced
by some kind of nitrogenase activity. A ll cultures except one had 
a vitamin requirement.
I t  would seem unlikely in normal so il conditions, where compet­
ition between bacteria does not usually allow the dominance of 
specific organisms, that a large population of users would
build up. Nevertheless, a check should be made that, in experiments 
using concentrations are not lower in treated soil
than in the controls.
-1 9 6 -
CHAPTER 8. FIELD EXPERIMENT TO MEASURE FLUXES OF N20
Methods of measurement of fluxes of N20 and N2 in the f ie ld  have
been discussed in Section 1.5-2. Total N flux resulting from de-
1 5n itr if ication  can be measured either by using N-enriched fe r t i l i s e r
15and measuring the subsequent fluxes of N20 and N-labelled N2, or by 
establishing C2H2 concentrations in the so il adequate to inhibit N20 
reduction so that a l l  N lost by denitrification is  in the form of N20. 
Since with the la tte r  technique N loss from slurry car also be measured 
and the technique is  sensitive to smaller losses, this was the method 
used in the experiment reported below.
8.1. Experimental Methods
An open canopy method was used (see Section 1.5-2. fo r  a 
discussion of this and alternative methods) so that NgO concentrations 
under the canopy were close to ambient while fluxes were being measured.
8.1.1. Enclosed Microplots ~
Small areas of so i l  were enclosed with lengths of r ig id  PVC
cylindrical piping inserted vertica lly  into the so i l  to form microplots 
isolated from the surrounding so il .  This arrangement fac ilitated  the 
establishment of adequate C2H2 concentrations in the so il p ro file .
The cylinders had an internal diameter of 21.8cm, a wall thickness 
of 1cm and a length o f 48cm. One end was chamfered to make a cutting 
edge. Holes for so il  atmosphere samplers and tensiometer probes were 
drilled  in the cylinder walls prior to insertion into the ground.
The cylinders were installed at one end of the f ie ld  plot 
(described in Section 2.1) in an area not previously used either 
during the preliminary f ie ld  experiment or the randomised block experi­
ment. An access trench was dug, about 12m long by 1m wide by 0.5m 
deep. The cylinders were placed on end immediately adjacent to the 
edge of the trench (Fig. 8.1) and spaced out as shown in Fig. 8.2.
Each cylinder in turn was covered with a thick piece of wood and 
slowly hammered (with a sledgehammer) vertica lly  into the so i l .  The 
soil immediately surrounding the cylinder was dug away as i t  was driven 
downwards, to minimise impedance (Belford, 1 9 7 9 ) and- "the process
-199-
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Fig. 8.2. Arrangement of microplots
Treatments: C = control, S = slurried, F = fertilised
- 2 0 0 -
continued until only 4cm was le f t  above ground level.
Soil atmosphere samplers were installed in a l l  cylinders at 
depths of 5, 10, 20, 30 and 40cm below the so il surface. They 
consisted of an 8cm length of r ig id  plastic tubing of internal 
diameter 1cm, containing glass wool at one end and a rubber bung at 
the other, through which a piece of flex ib le  tubing of internal 
diameter 1.5mm was sealed with Araldite epoxy resin. The f lex ib le  
tube was long enough to reach the so il surface and was glued with 
Araldite to a 3 way stopcock (Fig. 8 . 3 ) .  To in sta ll  each sampler, 
a core of so il was removed, through the hole previously d rilled  in 
the pipe, using a cork-borer, and the p lastic tube was pushed into 
place and sealed to the cylinder with cold cure silicone rubber.
Tensiometer probes were installed in a l l  cylinders at depths 
of 10, 20, 30 and 40cm below the so il surface (Fig. 8.4)» The 
tensiometers were f i l l e d  with a ir -free  (boiled) water and pushed 
gently into the holes previously d ril led  in the pipe so that there 
was good contact between the porous pot and the so i l .  Flexible 
tubing was pushed through the stopper and into the porous pot. By 
carefully injecting a ir  free water through the side-arm of the r ig id  
tube, the a ir  in the flex ib le  tubing was expelled from the other end, 
which dipped in a mercury reservoir and was fixed to a wooden post 
(Fig. 8 .4 ) -  There was then an unbroken water column between the 
porous pot and the mercury reservoir, so that when the soil was under 
tension, the mercury level rose in the tube.
The so il moisture tension is  given by:
T = 12.6M -  1 3 .6R + H 8.1
where M is  the height; of mercury in the plastic tube (cm)
E is  the height of mercury in the reservoir (cm)
H is  the height of the porous pot (cm)
and height is  measured from the so il surface with height 
above the ground positive
In November 1981, sets of tensiometers were installed in the 
undisturbed soil adjacent to each group of cylinders ( i .e .  1 —3*4—9*
10-12), each set consisting of one probe at depths of 10, 20, 39 and 40cm
-2 0 1 -
a - porous pot, b - araldite seal painted with butumenous paint, 
c - rigid tube, d - plastic sealant, e - angled connector, f - side arm 
g ~ flexible tubing, i - wooden post, j - perspex plate screwed to post 









Fig. 8.4. Tens iometer
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respectively. The tensiometers were constructed as in Fig. 8.4 hut 
without the angled connector, so that the porous pot was vertical in 
the so il.  They were installed by augering a hole to the required 
depth, placing some loamy so il  in the hole, pushing the tensiometer 
firmly into the so il  and then packing the hole with more so il.
When a l l  cylinders, so il  atmosphere probes and tensiometers had 
been installed, the trench and the excavated areas around each cylinder 
were f i l l e d  in.
Each cylinder could be covered with a w e ll - f i t t in g  PVC cap 
(Fig. 8.5) sealed to the lysimeter with insulating tape wrapped 
around the junction between the cap and a p lastic strip glued to the outside oi 
the cylinder. Gas inlet and outlet tubes were screwed into holes 
in each cap and f it ted  with 3~way stopcocks. The a ir  volume thus 
enclosed above the so il and below the cap was approximately 1 . 5 1 -
8.1.2. Introduction of into the Microplots
The caps were put in place on a l l  12 cylinders and sealed with 
insulating tape. To each o f 6 enclosed microplots about 400ml of 
p2^2  (from a gas cylinder), metered by a flow meter, were added
through one of the 5 way stopcocks while the other stopcock was 
closed to the atmosphere. A further 50ml of was injected into
the cylinders through the atmosphere probes at the 50cm depth. The 
3 way stopcocks of the 6 microplots not treated with C w e r e  also 
closed so that the difference in flux between C^H^-treated and 
untreated plots was due to the Ô Ĥ  and not the effect of closing the 
stopcocks.
The so il moisture content varied between different times of the 
year, and with i t  the rate of gaseous diffusion in the so il .  There­
fore the cylinders were le f t  for various periods of time to allow 
sufficient to diffuse into the so il to inhibit reduction of
to N^, before beginning the measurement of N^O flux. The times were 
2h in the summer, 5b in the autumn and early winter, overnight from 
the end of January until the end of March, and 3- 5b from the beginning 
of April. The resulting mean concentrations measured at the
0, 5» 10) 20, 30 and 40cm depth were 0.07) 0.04) 0.03, 0.01, 0.13 and 
0.01ml ml respectively.
- 203 -
A soil, B PVC cylinder, C - PVC lid, D - plastic strip,
E - insulating tape, F - threaded brass tube, G - plastic tubing 
H - 3 way stopcock
Fig. 8.5. Arrangement for sealing the microplots
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In it ia l ly  the treatment was alternated, every few weeks
between cylinders 1-3  and 10- 1 2 , and cylinders 4~9 > since experiments 
had shown that prolonged exposure to can affect n itrification
(see Section 6.2) and some other workers have shown that denitrifying  
bacteria can adapt to reduce ^ 0  even in the presence of 
However, a fter this regime had been implemented fo r  some time, it  
became clear that at the 30cm and 4 0 cm depths sometimes remained
in the so il for longer than the one week interval between flux 
measurements. A fter 4th November, therefore, the treatment
was applied to cylinders 4-9  only for the remainder of the experiment. 
Table 8.1 shows the microplots to which was applied at various
times.
Table 8.1. Microplots to which C^H was applied
Dates (inclusive) Microplots to which £^2  was applied
28.4.81. -  1 2 . 5 . 8 1 4-9
2 1 . 5 .8 1 . -  10.6.81. 1-3 and 10-12
2.7.81. -  21.7.81. 4-9
2 3 .9 .81. -  28.10.81. 1-3 and 10-12
4.11.81. -  26.5.82. 4-9
8.1.3. Procedure fo r  Measuring Fluxes and Gas Concentration in the 
Soil Profile
The method adopted involved the use of an electric pump driven 
by a 12V car battery to draw a current of a ir  (&a. mi11 )
through the airspace between the cap and the so il surface within 
each cylinder, and then, via a flow meter, through a series of traps 
containing magnesium perchlorate, soda lime and molecular sieve 
(m.s.) 5-4 (5 2  10- "'<̂m) to remove water, CÔ  and ^ 0  respectively.
The traps were made from lengths of PVC tubing. The m.s. was from 
Brentag, UK, and in the form of pellets of 1.6mm diameter. A single 
pump was connected to a l l  12 cylinders, and a set of traps acting 
as control, via a manifold. The arrangement is i llu strated  in
-2 0 5 -
Plates 8.1-8.3 and. Pig. 8 . 6 .
An inlet tube about 0.5m long was connected to the inlet stop­
cock of each cylinder not treated with C^H .̂ Inlets to those 
cylinders treated with were connected v ia  a manifold to a Y
piece, one arm of which was open to the air, while a small flow
_ -j
of ^2^2 m̂ n ) passed into the other (Fig. 8 .6 ) .  This
arrangement was sufficient to maintain a concentration of 0.01- 
0 . 0 3  ml ml ^2^2  :''n ;’-n-*-e’k a^r  suPPlY’ thus ensuring that the
concentration in the so il was also maintained.
Operating Sequence
After the caps had been sealed in place fo r  the appropriate 
length of time, gas samples were taken by syringe from a l l  depths, 
to determine concentrations of 0 ^, N^, 0 0^, and N̂ O
(Appendices 2 and 3)» Phe apparatus was then set up as shown in 
Fig. 8 .6 , except that the m.s. traps were removed from the gas
absorption train, and the pump was switched on fo r  10 min. to remove
any N^O which had accumulated in the headspace. The m.s. traps 
were then connected, and the pump switched on again for 1h. As 
a control the N^ 0  content of the ambient a ir  was simultaneously 
measured by drawing an equal flow of a ir  to that passing through 
each cylinder headspace directly through a gas absorption train.
In the laboratory the m.s. was tipped into 500ml volumetric 
flasks (o f accurately known volume), f it ted  with drechsel heads, well 
greased with Apiezon grease, in which the central tubes had been 
replaced by silicone septums, and the side arms of whichwere connected' 
to 3 way stopcocks (Fig. 6 . 3 ) .  Each flask was evacuated by 
connecting a pump to the 3 way stopcock, 40ml water was added by 
syringe through the silicone septum and the flask was well shaken.
The water released absorbed N̂ O (and also 02H2) from the m.s. (Dowdell 
and Crees, 1974; Ryden a± al., 1978; Guthrie and Duxbury, 1978) 
which was then determined by gas chromatography (Appendices 2 and 
3B). Contrary to the findings of Ryden a± al. (1978) an equil­
ibration time was not found necessary prior to gas analysis.
From the volume of N20 released, the flux of N20 from the so il was
-206-
Plate 8.1. Closed microplots, with sampling tubes


















Fig. 8.6. F low-line fo r  trapping e f f lu en t  N̂ O
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calculated:
N̂ O flux = (v^ -  v^)/A (ml cm  ̂ h 1) 
where v̂  = volume of 27 0 trapped (ml)
p
A = area of cross section of the cylinder (373cm )
= volume of 27̂ 0 trapped from ambient a ir  control 
N̂ O flux = 108 X(v^-v )/A (ml ha"1 h 1)
-  ^v1- v 2)/A]28 X 108/22.4 X 105 (gN 0-N ha“1 h~1)
= (v r v2) X 335 (gN20-N ha"1 h"1) 8.2
8.1.4. Application of Slurry and Fert i liser
Slurry and inorganic f e r t i l i s e r  (Ca(N0 ) 2) were applied to the 
enclosed microplots on 5 occasions (Table 8.2). More accurate 
control of the quantity o f N applied as slurry was achieved by prior  
analysis than in the previous f ie ld  experiments, which required much 
greater quantities of slurry.
During the previous f ie ld  experiments, very low N̂ O concentrations 
were measured during the summer, indicating low N20 fluxes. In order 
to measure fluxes under conditions which were extreme for the summer 
months, in July 1981, and April 1982, slurry or fe r t i l i s e r  was applied 
at a rate of 200kg N ha 1 , and 2 1 of water (equivalent to rain)
were added to each plot. This represents an amount of ra in fa ll  which 
fa l l s  within 24h once in 10 years (Meteorological Office records), i .e .  
an extreme but possible r a in fa l l  event.





as slurry  
or f e r t i l i s e r  
(kg N ha- "' )
Rainfall equi­
valent of slurry  
application
Rainfall equi­
valent of added 
water
27-4.81 100 10.6 -
7.7.81 200 29.5 53-6
18.10.81 100 11.4 -
3.3-82 100 6.9 -
27.4.82 200 14.4 53-6
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8.2. Soil Moisture Tension
The tensiometers installed in the cylinders were not satisfactory. 
Since the porous pots were horizontal, i t  was not always possible to 
flush a ir  out by injecting water into the side arm and therefore the 
continuity of the water column between the porous pot and the mercury 
reservoir was broken. In spite of frequent attempts to flush out 
this a ir ,  by July i t  was apparent that few of the tensiometers were 
working properly. The in it ia l  readings of so il moisture tension 
are not presented because of the doubts about their accuracy.
New sets of tensiometers were therefore installed in November, 
as described in Section 8.1.1. At this time so il moisture tensions 
were low at a l l  depths, and remained low until the end of March,
1982 in the surface so il,  mid-April at 20 and 30cm and the end of 
April at 40cm (Fig. 8 .7 ).
8 . 3 . Temperature and Rainfall
Temperature and ra in fa l l  data (Table 8 . 3  arid Fig. 8.8) are 
from the meteorological records of the Bush Estate, Penicuik.
Rainfall was particularly  high in September and October and 
again in January (Table 8 .3 ) .
The soil temperature data (Fig. 8.8) i l lu strate  the excep­
tionally cold winter of 1981/82. From mid December until 20th 
January, the surface so il was frozen except during the f i r s t  week 
in January when there was a slight thaw. At this time the over- 
lying snow began to melt and the surface of the ground was wet 
rather than frozen, although the temperature at the 10cm depth did 
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Fig. 8 .8 . Soil temperatures at 3 depths
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Table 8 . 3 . Monthly Rainfall
Month Rainfall(mm) Month Rainfall(mm)
April 81 17.8 Nov. *81 93.0
May 81 46.5 Dec. *81 47.0
June 81 64-9 Jan. *82 136.3
July 81 69.1 Feb. *82 40.7
Aug. 81 7.3 March *82 7 2 .8
Sept. 81 117.4 April *82 2 5 .6
Oct. 81 169-3 May *82 63.5
8 .4 . Herbage Yield
The herbage on each enclosed microplot was cut to within 1cm 
of the so il surface, using scissors, and the dry weight yield  
determined at various times during the experimental period (Table 
8 .4 ) .  Analysis of variance, calculated by treating the design 
as a sp lit  plot experiment, with Ĉ EM, as the main treatment and the 
f e r t i l i s e r  regime as a sub-factor, showed significant differences 
between treatments at the 5% level, with inorganic fe r t i l i s e r  giving 
the highest yield, followed by slurry (Table 8 . 5 ) .  There was no significant 
difference between treated and untreated plots, i .e .  no
evidence of affecting the growth of grass.
8.5- Concentrations of CCU, and N̂ O in the Soil Atmosphere
Soil atmosphere samples were taken and N̂ O fluxes measured at 
approximately weekly intervals during the experimental period (more 
frequently immediately following an application of slurry and f e r t i l ­
ise r )  , except from 20th July to 23rd September when no measurements 
were made. From mid December until 20th January no soil atmosphere 
samples could be taken because the ground was frozen.
8.5• 1 • Frequency Distributions for 00^ and 0„
The frequency distribution of the untransformed C02 data 
(Fig. 8.9) was positively skewed and shows that, in plots treated
-215-
Table 8 .4 . Dry weight yields of microplots
Treatment (a)treatment Microplot No. Dry Weight y ie ld (g )




Slurry +C2h2 5 5 8 . 3
8 66.6
- c2h2 1 56.1
11 . 48.4
Inorganic +C2H2 6 6 3 . 8Fert i l ise r £_ C.
7 6 5 . 2
- c2h2 2 69.1
10 74.1
(a) Daring 9 weeks of the experimental period Microplots 1-3 and 
10-12 were treated with (see Table 8.1).
Table 8 . 5 . Analysis of variance for herbage yield
Source df ss ms F
C2H2 treatment 1 15 .6 1 15.61 0.36
Error 2 87.52 43.76
Total 3 103.13
N Treatments 2 2730 1365 74-3***
(Control different from others 1 2501 2501 136.1***)
(Slurry different from fe r t i l i s e r 1 229 229 12.5* )
N treatment x treatment 2 150 75 4.1
Error 4 73.5 18
Total 11 3 0 5 6 . 6
Note: Partitioning of treatment sum o f squares was as described by 
Pearce ( 1 9 6 5 )*
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with ^2^2’ ^ 2 concen4rations were s lightly  higher than in untreated 
plots. The data were transformed to an approximately normal dis­
tribution (Fig. 8.10) by the transformation used previously 
(Equation 2.2).
Mean concentrations of CÔ  were higher under the slurried  
treatment than the control and fe r t i l is ed  treatments and were higher 
in plots treated with (Table 8 . 6 ) .  A paired t -test  showed that
the difference between CÔ  concentrations in the and non-C2H2-
treated plots was significant at the 0 . 1% level under the control 
and slurry treatments but was not significant under the fe rt i l ised  
treatment.
Increased CÔ  concentrations in treated plots occurred mostly
at the end of the experimental period but not at any specific depth (F ig .8.11).
Table 8 .6 . Mean C0„ concentrations over1 a l l  times and denthsC-
Mean C02 concentration
C2H2 treatment mean of transformed data reverse transform of mean (ml ml “1 x 10^)
Control Slurried Fertilised Control Slurried Fertilised
+C2H2 0 . 6 8  0 . 8 3  O.65 0 . 9 8  1 .3 0  0 . 9 0
- ° 2H2 0 .6 1  0 . 7 4  0 . 6 2 0.84 1 .0 9  0 . 8 6
The frequency distribution of the untransformed 02 data was not
normally distributed and was negatively skewed (Figs.. 8.12 and 8.15 ) .
Median 0o concentrations for the slurried, fe r t i l is e d  and control
—1lysimeters were 0.186, 0.194 and 0.194 ml ml , respectively. The 
frequency distribution of data with and without (Fig. 8 . 1 2 )
showed that 02 concentrations were lower in plots to which C2H2 had 
been applied.
The transformation used in the randomised block f ie ld  experiment 
(Equation 3 . 1 ) gave an approximately normal distribution (Fig. 8.14).
Mean 0^ concentrations in the plots under the three treatments 
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Fig. 8.9. Frequency distributions for CO data in microplots with 
and without 02^
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Fig. 8.13. Frequency distr ibutions fo r  O2 data in control ,
s lurr ied  and f e r t i l i s e d  microplots










































Fig. 8.15. Mean 0 2 concentrations with and
without ^2^2 slurried microplots (arrows 
indicate applications of slurry and fertiliser)
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treatments were small but a paired t-test showed that the difference 
between C^H^-treated and untreated plots was significant at the 0.1% 
level fo r a l l  treatments. The reduction in 0  ̂ concentrations occurred 
at a l l  depths and times but was particu larly  marked at 5 and 30cm where 
C2H2 conceirtra'fc;i-ons were highest (Tig. 8 . 1 5 ) .
Table 8.7« Mean Op Concentrations over a l l  Times and Depths
C2H2 treatment
Mean of transformed 02 data Reverse transform of mean (ml ml- *')
Control Slurried Fertilised Control Slurried Fertilised
+C2H2 2.84 3.15 2.97 0 . 1 9 8 0.194 0 . 1 9 6
-c 2h2 2.55 2.70 2.43 0.2 0 1 0 . 2 0 0  0 . 2 0 2
This effect can be explained by the fact that the presence of 
must induce a lower partia l pressure of 0  ̂ and by displacement of 
some of the a ir  in the so il, since the total pressure does not increase. 
Since ^ ^ 2  waS aPP-*--'-e^ i"370111 above and at ¿0cm,  concentrations (and
therefore decreases in 0  ̂ concentrations)were highest at these depths. 
However, at 30cm the low 02 and high concentrations observed were
not representative o f the 30cm plane, since C2H2 concentrations would 
have been highest around the point of injection which was also the 
point of sampling.
The displacement effect could be expected to give rise to lower 
CĈ  concentrations, but as pointed out above, the reverse was the 
case. The observed increase in CO2 concentrations towards the end 
of the experiment in the presence of C2H2 could be explained by increased 
respiration, due to the consumption of ^2^ 2  ^  m3-croorganisms.
I f  this were the case, the increased respiration would also contribute
i
to the decreased concentrations observed in the presence of C2H2 ‘
-225-
8.5*2. Frequency Distribution for
The frequency distributions for the untransfoimed N^O data
(Figs. 8.16 and 8 .17) were positively skewed. Median values were
—6 —10.6, 0.7, and 0.9 x 10 ml ml in the control, slurried  and 
fe r t ilis e d  plots, respectively. Most of the very high N^O concentra­
tions recorded were from the fe r t i lis e d  plots where concentrations
—6 —1ranged up to 440 x 10 ml ml . There was l i t t l e  apparent difference 
in the distribution o f N̂ O concentrations with and without 
(F ig. 8.16).
The data were transformed to an approximately normal distribution
(Fig. 8.18) by the transform used previously fo r N2O (Equation 3 .2 ).
The results show that, fo r the slurried  and control plots, mean
N^0 concentrations, calculated using the transformed data, were higher
in the absence of C2H2 (Table 8 .8 ). However where C ^  was applied
the frequency of high N„0 concentrations increased, e.g. in the slurried
—6 —  1plots 4-3% and 2.5% of observed values were greater than 5 x 10 ml ml 
in C2H2-trea ted  and untreated plots respectively. A paired t-test  
showed that the e ffect o f or N20 concentrations was significant
at the 0.1, 1, and 5% level fo r  the fe rt ilis e d , slurried  and control 
plots respectively. The unexpected decrease in N^O concentrations in 
the presence of ^ ^ 2  ^or n011'*'10! a11̂  s lu rried  plots indicates that 
the effect o f ^2 ^ 2  WaS -*-ess •̂*lan random differences between the micro­
plots except when ^ 0  concentrations were high, in spite of the fact 
that 02 concentrations were sign ificantly  lower in C2H2 treated plots. 
This provides some evidence that at higher rates of denitrification , 
e.g . when the so il is  very wet, diffusion is  slow and therefore N20 is  
more lik e ly  to be reduced before reaching the so il surface.
Table 8.8. Mean N20 concentrations over a l l  times and depths
0oHo treatment
Mean of transformed data Reverse transform o f mean (ml ml-1 x 10- ^)
Control Slurried Fertilised Control Slurried Fertilised
+C2H2 3.28 3*34 5*08 0.47 0.48 1.11
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8.5* 3* Soil 0^ and. CÔ  Concentrations
The transformed data were used to calculate the mean 0^ and 
CÔ  concentrations fo r  each treatment and depth, combining data from 
treatments with and without ChEh, (Figs. 8.19 and 8.20). The long 
period in December and January where there are no data was because 
the ground was frozen (Section 8 . 3 ) and even during the slight thaw 
it  was impossible to take samples.
Generally CÔ  concentrations increased and 0  ̂ decreased with 
depth under a l l  treatments, particu larly  below 20cm.
During the spring and summer of 1981, concentrations of 0  ̂ and 
CÔ  were close to ambient. The effect of the slurry application in 
April on 0^ and CÔ  concentrations was discernible but small. The 
application of water to a l l  plots in July had l i t t le  effect on 0  ̂ and 
00  ̂ concentrations except in the slurried  plots where 0  ̂ concentrations 
decreased s ligh tly  fo r  about 2 weeks.
Oxygen concentrations began to decrease at the beginning of October 
coinciding with the period of heavy ra in fa ll (Section 8 . 3 ) and, apart 
from during early December, remained low over the winter. Generally 
O2 concentrations decreased with depth but at the 30 and 4 0cm depth, 
concentrations were lowest in February and March, following the thaw, 
while in the surface so il the lowest concentrations were recorded in 
April and May, when the so il became warmer aga in .■ Below the 20cm 
depth 0  ̂ was at near ambient concentrations by the end of the 
experiment, whereas in the surface so il concentrations were s t i l l  low.
The application of slurry in October had no perceptible effect on 0  ̂
concentrations over the winter, but following the March application,
0  ̂ decreased and 00  ̂ increased at the 5 and 10cm depth for several, 
weeks, and following the application of water in late April there was 
a small e ffect on 0^ and 00  ̂ at a l l  depths in a l l  plots.
8.5.4- Soil N^O Concentrations
The transformed data were used to plot the mean IhO concentrations 
for the three treatments with and without (Figs. 8.11 to 8£>).
In the control plots N̂ O concentrations remained low over the entire 
period: there was no increase even in the winter and spring. Concen­
trations were s ligh tly  higher at 20 and 30cm than at other depths. The
i t
CMo
• • control •* *slurried  * fertilised
Fig. 8.19. Mean CC^ concentrations in control, slurried and
fertilised microplots (arrows indicate applications 



















Fig. 8.20. Mean 0^ concentrations in control, slurried and
fertilised microplots (arrows indicate applications 
of slurry and fertiliser)
• « control •-... « slurried »---- »fertilised













+c2h2 ^ 1  - c2h2
Fig. 8.21. Mean N 20 concentrations in control microplots with and
without C2H 2 (arrows indicate applications of slurry and 
fertiliser. Figures for N 20 given in brackets are the 
reverse transform of N 20 concentrations (ml ml  ̂ x 10^).
- 2 3 3 -
+ C2H2 - C2H2
Fig. 8.22. Mean N^O concentrations in slurried microplots with 
and without ^-^2 (arrows indicate applications of 
slurry and fertiliser. Figures for N^O given in brackets
are the reverse transform of N^O concentration (ml ml_ ^x 10^)
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• «  +^2^2 ~^2^2
Fig. 8.23. Mean ^ 0  concentrations in fertilised microplots with and 
without ^ 2^ 2 ' Arrows indicate applications of slurry and 
fertiliser. Figures for ^ 0  given in brackets are the re­
verse transform of concentration (ml ml- '*' x 10^)
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large water applications in July 1981 and April 1982 had no effect on 
N^O. There was no increase in N̂ O concentrations following the thaw 
in January, in contrast to the data from the preliminary f ie ld  experiment 
(Section 2 .5 ), possibly because temperatures were so low at this time, 
even at the 30cm depth.
In the slurried plots also, N̂ O concentrations were low throughout 
most of the experimental period and there was l i t t le  response to appli­
cations except following those of July 1981 and March 1982, when 
concentrations increased fo r about a week. Concentrations of were 
highest in the spring, particu larly  at depths up to 20cm, but at other 
times concentrations were sim ilar to or even below those o f the controls. 
This is  in contrast to previous f ie ld  experiments where slurry increased 
N̂ O concentrations (Sections 2.6 and 3*7)*
In the fe rt ilis e d  p lots, N^O concentrations in the spring and summer 
of 1981 were very sim ilar to those of the controls, except following the 
application of water and fe r t i l is e r  in July 1981, when they increased 
fo r about 1 week at a l l  depths. However, from late October to the 
beginning of December, and in March and April following fe r t i l is e r  
applications, N̂ O concentrations were much higher than in the control 
or slu rried  treatments at a l l  depths, and much higher where Ĉ Ĥ  was 
applied, with the highest concentrations being recorded at the 10, 20 
and 30cm depths. Following the thaw N^O concentrations were very low 
even at 30cm and 4 0 cm, where 0^ was low at this time.
8.6. Flux Measurements
Since the frequency distribution of N̂ O concentrations in the so il
atmosphere was not normal, i t  is  not surprising that N̂ O fluxes were also
not normally distributed (F igs. 8.24 and 8.25). Fluxes of up to 115s N 
“1 —1ha h were measured. About 13% of the fluxes measured were apparently 
negative, i .e .  less N^0 was trapped from the a ir  coming from the cylinder 
headspace than from the atmosphere d irectly . This implied that the so il 
was acting as a sink for N^O. However, since there was d ifficu lty  in 
setting identical flow rates for the flow of a ir  through a l l  the cylinders 
and control, i t  was concluded that this source of experimental error could 
account fo r the negative values.
—  1 —1Over 90% of the measured fluxes were below 5g N ha h (44kg N 
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.25. Frequency distributions of N,,0 flux data from control, 
slurried and fertilised microplots
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—  1 —  *1
C2E2 treated 311(1 untreated plots (0.85 and 0.64g N ha h respectiv­
e ly .) Much higher fluxes were recorded from the fe rt ilis e d  micro­
plots than from the s lu rried  and control microplots, median values
—  1 —1fo r fluxes being 1.15, 0.66 and 0.60g N ha h respectively. This
corresponds well with the order for median N̂ O concentrations in the
so il p ro file  (Section 8 .5 .4 ).
In order to transform the data to give an approximately normal
—  1 —1distribution, i t  was necessary to ignore values below -0.5g N ha h
(about 3% of the observations). The transform below gave an
approximately normal d istribution with only positive values 
(Pig. 8.2 6 ).
X1 -  5 + ln(X + 0 .5 ) 8.3
1
where X is  the transformed value
—1 —6X is  the measured N^O concentration (ml ml x 10 )
The transformed value fo r  the fluxes was used to calculate the
mean for each treatment on each occasion with and without added
(fig .8 .2 7 ) .  Haring the s ligh t thaw, on 31st December an attempt was made
to measure fluxes from the 8 plots not to ta lly  snow covered.
-1  —1Although the data obtained showed fluxes o f up to 14g N ha h in 
fe r t ilis e d  plots, these resu lts were omitted from the s ta tist ica l 
analysis since only 2/ 3  o f the plots could be used.
Paired t-tests  showed that the difference between the mean flux
of NgO with and without for the control, slurried and fe rt ilis e d
plots (Table 8 .9 ) was sign ificant at the 1, 1, and 0.1% level 
respectively.
Table 8 . 9 . Mean fluxes o f N„0 over a l l times and depthsC.
treatment ■
Mean of transformed data Reverse
(g
transform of mean 
N ha“1 h-1)
Control Slurried Fertilised Control Slurried Fertilised
+C2H2 5.08 5-24 6.17 0.59 0.77 2.73
- c2e2 4 . 6 9  4 . 6 2  5 . 5 5 0.30 0.18 0 . 9 2















































,27. Fluxes of N^O from control, slurried and fertilised 
microplots with and without 02^2 (arrows indicate 
applications of slurry and fertiliser)
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““ 1 “ *1 ““" I ”"1Fluxes were generally below 1g ha h ( 8 . 8kg N ha y ) fo r
most of the year from both C23 2~ 311(1 non-C2H2 -trea 'fced' con,tro1 plots
(Fig. 8.27). As with N̂ O concentrations in the so il p ro file , there
was no response to the large volume of water applied to a l l  lysimeters
in July 1981 and May 1982, nor any increase in fluxes over the winter
period, except at the beginning of November and in mid-February. The
occasionally higher fluxes did not appear to correspond to higher N̂ O
concentrations in the upper 10cm of the so il p ro file .
Fluxes of N^O from the slu rried  plots were sim ilar to those o f
the control plots. As with N^O concentrations in the so il p ro file ,
there was no increase in N20 flux  over the winter months, but s ligh tly
higher fluxes were recorded in the spring. Generally, peaks in the
flux corresponded with higher concentrations in the upper 10cm of the
so il (e .g . on 2 1 . 5 .8 1 , 7-7*81 and 1 7 - 3-82 in the treated p lo ts ).
There was no response to the application of slurry in April or October
1981 but a slight response to that of July 1981 when water was also
applied. The application in March 1982 had no immediate effect but
may have caused the peak in flux  which occurred about 10 days la te r.
The fin a l application of slurry and water caused an immediate increase
in flux  although the increase in N20 concentrations in the so il was
small.
The flux from fe rt ilis e d  plots both with and without was
much higher than from the other plots during most of the experimental
- 1  - 1  - 1  - 1
period, reaching 99g N ha h and 8g N ha h fo r C2^ 2  "*:rea^e(^
and untreated microplots respectively (the higher figure of 2 2 .7g N ha 
-1
h observed on 4-11-81 on fe r t i lis e d  microplots untreated with 
was thought to be unrepresentative of C2H2-untreated so il, since C^E  ̂
applied the week before was s t i l l  present in the so il p ro f i le ).  The 
peaks in N^O fluxes corresponded well with peaks in NgO concentrations 
at 5 10cm in the so il. In the spring and summer of 1981, fluxes
i
remained low. There was no response to the fe r t i l is e r  application in 
April 1981 and very l i t t le  to that in July 1981. Fluxes remained low 
until two weeks a fter the October application and then remained high 
until January. After the application in March 1982, fluxes remained 
very high until the end o f the experimental period, and there was a 
marked increase where was applied.
An analysis of variance fo r the mean flux from each plot over
- 2 4 2 -
Table 8.10. Analysis of Variance of Fluxes over 5 Periods
Dates Source df ss ms F
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0 . 5 0
Total 11 11.84
0 Partitioning of sum of squares was by a method described by Pearce (19 6 5 )
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the entire period was not meaningful since the treatment was
applied to d ifferent plots at different times. Therefore the mean 
flux fo r  each plot was calculated for each period during which 
was applied to the same 6 plots (Table 8 .1 ). For each period an
analysis of variance was carried out with as the main treatment
and the fe r t i l is e r  regime as a subfactor (Table 8.10). This shows 
that the treatment differences were not significant except in the 
last period when the fe r t i l is e r  sign ificantly  increased N^O flux.
For most of the period when fluxes were low there was l i t t le  
difference between NO  flux in the presence and absence o f 0,_Ho, as
■ C.
has been observed by other workers (Colboum and Harper, 1982).
The ratio  of N_ + NO to NO flux, i .e .  the flux with and without
- 1 - 1C^H ,̂ was calculated fo r flux values of greater than 1g N ha h 
The calculated radio varied from 0.6 to 25, the higher values being 
associated with high total fluxes (F ig. 8.28). This indicates that 
when conditions are conducive to denitrification , i .e .  the so il is  
very wet and N0^ concentrations are high, N  ̂ is  the favoured product, 
probably because N^O is  retained longer by the so il and is therefore 
more lik e ly  to be reduced.
8.7. Estimation of Cumulative Flux
For each application of slurry and fe r t i l is e r ,  the subsequent 
cumulative N loss was calculated by assuming a constant flux  between 
sampling occasions, and multiplying the N^O flux by the time interval 
to the following measurement (Fig. 8 . 2 9 ) .  Between 9th December and 
20th January when the so il at 10cm was continuously frozen, flux was 
assumed to be zero. This may have been an underestimate since during 
the s ligh t thaw quite large N^O fluxes were measured (Section 8 .6 ).
The cumulative loss of N^O in the presence of was usually
greater than in its  absence. In the control and slu rried  plots, the 
estimated total NQ0 flux for the entire period was 6 . 5  and 7•'IEg ha 
for C^H^-treated and J>.A and 6 . 5kg ha for untreated p lots, 
respectively.
In the fe r t i lis e d  plots fluxes were high following the October 1981 
application. The estimated proportion of applied N lost by d en itr ifi­
cation (Table 8.11) was highest following the March 1982 application  
but the total loss was greatest following that of A p ril, 1982.
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N^O flux with (g N ha ''"h ■*■)
Fig. 8.28. Relationship between the ratio of N 20 flux with and without 
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4 Slurried
Fig. 8.29. Flux integrated over time following 5 fertiliser 
applications to microplots (arrows indicate 
applications of slurry and fertiliser)
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- b (a )
Proportion of N 
applied (%)
+C2H2 - c2h2 +C2S2 - c2h2
27.4.81 (-2 .1 ) (-0 .2 ) - -
7-7-81 0 0 0 0
18.10.81 9.7 4.9 9-7 4 . 9
3.3.82 21.1 2.8 21.1 2.8
27.4-82 27.4 2.8 13-7 1.4
(a ) difference between mean loss from fe rt ilis e d  and control plots
8.8. Relationship between N^O Concentration and N^O Flux
The flux  o f N^O from the so il depends on the ^ 0  concentration 
gradient at the so il surface and on the diffusion coefficient fo r N^O. 
There is not an exact linear relationship between N^O flux and N^O 
concentrations in the so il p ro file  fo r two reasons: f ir s t ly  because
the N^O concentration was measured at only one point at 5cm and cannot 
therefore be taken as an average over the 5°m plane and secondly 
because diffusion coefficients can vary by a factor of 10 even for  
so il at the same moisture content (Section 4* 3 )• Nevertheless, a 
significant correlation between the two might be expected.
The regression of transformed values of ^ 0  flux  on N^O concen­
trations at the 5°m depth in the so il was significant i f  a l l  the data 
were included (regression coefficient 0.34 + 0.08 at the 1% le v e l).  
However the coefficient o f determination (r  ) was low (0.20) because 
of the large number of low flux and ^ 0  concentration values where the
transformations used over-emphasise the va riab ility  of the data. By
-6 —1ignoring a l l  data with ^ 0  concentrations below 1 x 10 ml ml the 
regression line given in Fig. 8 .30 was obtained (regression coefficient
2
0.77 ±  0 .1 9 , at the 1% le ve l) with a coefficient of determination (r  )
of  0.49*










N^O concentration (transformed values) 
Fig. 8.30. Scatter diagram of N^O flux against ^ 0  concentration at
the 5cm depth showing regression line.
^ 0  concentration (ml ml  ̂ x 10^)
Fig. 8.31. Relationship between N^O flux and ^ 0  concentration at 
the 5cm depth in the soil profile
A. given by the regression line (Fig. 8.30)
B. calculated from Fick's 1st Law assuming a moisture 
tension of 5k Pa
-2 4 8 -
The flux o f N^O over a range of N^O concentrations at the 5cm 
depth as predicted by the regression equation is given in Fig. 8 . 3O, 
and in Fig. 8 .3 1  is  compared with the flux calculated from the 
measured d iffusion  coefficient for the 0~5cm depth, assuming a tension 
of 5k Pa- (Section 4-3) using Fick's Law. The fa ir ly  close agreement 
between the two indicates that the fluxes measured during the experiment 
were compatible with the ^ 0  concentrations measured in the so il.
8.9» Conclusions
Enclosed microplots into which C^H  ̂ was introduced had s ign if­
icantly lower 0^ concentrations and higher CÔ  concentrations than 
those receiving no C^H^. The reduction in 0  ̂ simply due to displace­
ment by C^H  ̂ was expected, but higher CÔ  concentrations as a result of 
use^ i-n f ie ld  so ils  have not previously been reported in the 
literature and could have been due to increased respiration.
Previous experiments have shown that concentrations of C„H of 
-1
0 .05ml ml are necessary fo r complete inhibition of N^O reduction 
(Section 6 .4 )»  Since C^H  ̂ concen^ra^̂ -ons a"̂ some depths were lower 
than th is, fluxes of gaseous may have been underestimated, particu l­
arly i f  the major source of N^O was at greater depths in the so il.
This is  probable since N^O concentrations were highest at 20 and 30cm.
High random variation between plots, and low fluxes, frequently 
obscured the e ffects of C^H^. However, it  was clear that the presence 
of C^H  ̂ in the so il p ro file  increased the flux  of gaseous N by a factor 
of up to 25» the increase being highest when fluxes were highest. The 
range o f flux  ratios of + ^ 0  to N^O was within the range reported
in the literatu re  (Section 1.5•3)-
-1  -1Fluxes up to 115g N ha h were recorded. In the control plots 
the total integrated loss of N was highest in the spring of 1981 and 
winter of 1981/82. The application of slurry increased the N loss  
s ligh tly  in the spring of 1982 but not at other times. Fluxes 
estimated from the data fo r the preliminary f ie ld  experiment were 
sim ilar from the slurried  and control plots, -whereas in the randomised 
block experiment fluxes were higher in the slurried  plots than in the
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control p lots. The application of inorganic fe r t i l i s e r  increased the 
flux of N from the beginning of winter until the end of the experimental 
period, with up to 20% of the applied N being lo st as N̂ O in C^H^- 
treated plots. The range of observed fluxes and the loss of N was 
within the range of values reported in the literature  (Table 1.5)*
There was no evidence o f a decreasing difference in flux  between 
treated and untreated plots over the experimental period, indi­
cating that the so il m icroflora did not adapt to the presence of 
as has been suggested in the literature (Section 1 .2 .4 .1 ).
In the absence of the total integrated fluxes of N̂ O over the
experimental period were intermediate between the predicted fluxes 
fo r the ,79/,80 and ,80/*81 data for the control and slurried treat­
ments and sim ilar to that fo r the *80/f81 data fo r  the fe rt ilis e d  
microplots (Section 4-5)»
The regression of N^O fluxes against N̂ O concentrations at 5cm in 
the so il p ro file  was sign ificant. It  was shown that the fluxes 
measured could reasonably be expected to result from the N^O concen­
trations measured at the 5cm depth. Such a comparison between flux  
measurements and values calculated from so il atmospheric analysis has 
not been published previously.
Published estimates o f N^O flux have shown that they are highest 
in the autumn and spring and low in winter and summer (unless irrigation  
is  used (Section 1.5.3)« This was confirmed by the results reported 
here but contrasts with the fluxes predicted from the data fo r the 
previous two years where N^O loss was highest during the winter. This 
may have been because in the calculation of fluxes the diffusion  
coefficient was assumed to be constant over the entire period, whereas 
in fact during the winter the so il moisture tension, and therefore 
the diffusion coefficient may have been lower than in the autumn 
and spring.
The "background" fluxes, i .e .  the low NO fluxes recorded fo r most
-1  -1of the period were below 2g N ha h and agree well with the results of
Ryden (1983), Webster and Dowdell (1982), and Armstrong (1982) who
-1 -1obtained values o f 8.3 and. 2.1 and 0.04g N ha h , respectively.
9. SUMMARY AND GENERAL CONCLUSIONS
The composition of the soil atmosphere was investigated 
over three periods: September 1978 - June 1979, July 1979 - May
1980, and April 1981 - May 1982. Although the three experiments 
were designed differently, the results can be compared qualitat­
ively, and show how aeration and the occurrence of N^O vary from 
year to year and how inorganic fertiliser and slurry affect
concentrations of 0  ̂ and N 2O in the soil.
Generally, concentrations of 0^ decreased with depth in the 
soil, the difference between those at 15 and 30cm being greater 
than between 30 and 45cm. In all years 0^ concentrations were 
high during the summer at all depths and decreased over the winter. 
The severity of the decrease, and the length of time during which 
O2 concentrations were depressed, were strongly influenced by the 
pattern of rainfall. Thus the first occurrence of low 0 ? concent­
rations was much earlier in the wet autumn of 1978 than in the 
drier years of 1979 and 1981. Similarly, the very wet spring of
1979 prolonged the period of low O2 , and, coupled with the increase
in biological activity in the spring, resulted in the lowest 
concentrations occurring in May. In contrast, in the other years, 
near ambient concentrations had been re-established at this time.
During the first experiment, one large slurry application in 
September decreased concentrations at all depths for several 
weeks. In subsequent years smaller applications were made more 
frequently. Decreases in were measureable (but small) following 
applications in the autumn or spring, but not in the summer.
There was a general inverse relationship between and h^O 
concentrations in the soil. Regression analysis, using data from 
the first two experiments, showed that the relationship was signi­
ficant at all depths for all treatments. At the 15cm depth, N ?0 
concentrations were usually low, corresponding with the higher 0 
concentrations. However, although 0^ concentrations were generally 
lowest at the 45cm depth, N 2O concentrations were similar at the
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30 and 45cm depth. Although ^ 0  concentrations were higher at 
depth in the soil, this does not necessarily imply increased de­
nitrification. Measured diffusion coefficients for the 40cm 
depth were an order of magnitude lower than in the surface soil 
at the same moisture tension, resulting in a build up of N^O. 
Incubation experiments showed that rates of N0^ reduction were 
much lower in soil from greater depths, although the potential 
for ^ 0  reduction did not decrease as much.
In the untreated plots, N^O concentrations were always low 
in the summer, and increased over the winter, the increase cor­
responding to the decrease in 0^ concentrations. The highest 
concentrations were observed in the first experiment, where N^O 
concentrations reached a peak following a period when the surface 
soil was frozen. This showed that denitrification could take 
place at very low temperatures. In subsequent years there was no 
such peak, even though, during the third experiment, there was 
again a long period when the surface soil was frozen, and N^O 
concentrations were lower during the winter (corresponding to 
higher 0^ concentrations) than during the first year.
Slurry applications made during the summer did not cause in­
creased N^O concentrations, in contrast with applications in the 
autumn and spring, when the increase in N^O depended on soil 
moisture conditions and corresponded to the decrease in 0^. The 
greatest response followed a large slurry application in the wet 
autumn of 1978.
There was never any evidence from soil analysis of greatly 
increased NH^+ or NO^ concentrations in the soil profile as a 
result of applications of slurry, even where cores were taken a 
few weeks following the applications. The low NH^ concentrations 
indicate rapid nitrification of the NH^+ initially present in the 
slurry in contrast to the results of Thijell and Burford (1975) 
(Section 1.5.1.4). The immediate effects of slurry on denitrifi­
cation were therefore due to N0„ released from the NH. in the3 4
slurry as well as to lower 0^ concentrations caused by water in 
the slurry. Since high ^ 0  concentrations were found at all depths
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in the soil, whereas slurry N would be expected to remain on the 
surface, the water was probably the major influence on K^O con­
centrations. The low NO^ concentrations indicate rapid loss by 
crop uptake, leaching and denitrification. The slow release of 
N from the slurry organic matter may have led to the long term 
increases in ^ 0  concentrations in slurried plots over the winter. 
Since only half of the N in slurry is in the organic form and 
approximately half of this is mineralised in the first year, and 
mineralisation is slow over the winter (Section 1.5.1.4) such 
increases in N^O probably represented a small N loss.
As with slurry, the application of inorganic fertiliser 
during the summer did not influence N^O, but in the autumn and 
spring often increased ^ 0  concentrations, the increase depending 
on the soil moisture conditions. The highest N^O concentrations 
were found following an application in the wet autumn of 1978, 
and in the spring of 1982. Increases were greatest at the 30 and 
45cm depths, indicating that some of the N0^ leached rapidly 
down to these depths following applications in wet conditions.
During the winter ^ 0  concentrations were highest in fertilised 
plots, indicating that some N0^ remained in the profile at the 
end of the growing season.
The immediate increase in ^ 0  as a result of slurry appli­
cations was greater than or similar to that for inorganic fertiliser 
during the first two years but much less in the third experiment, 
while the long term effects of the slurry, e.g. over the winter, 
were always much less than for inorganic fertiliser.
Although fluxes of N^0 were not measured directly in the 
first two experiments, estimated fluxes were calculated from 
Fick's 1st Law using measured diffusion coefficients and ^ 0  con­
centrations at the 15cm depth. In the first year calculated 
fluxes were 2.7, 3.1, and 6.0kg N ha  ̂ for the control, slurried 
and fertilised plots respectively, assuming a soil moisture tension 
of 5kPa (except on one occasion following the thaw in 1979 when 
soil moisture tension was assumed to be lkPa), or 1.3, 1.3, and
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2.7kg N ha assuming a soil moisture tension of lkPa. Most of 
the flux occurred immediately following the fertiliser appli­
cations and following the thaw in February 1979. Thus in spite 
of the large slurry application, N^O-N losses were much i e ^ s  
for the slurried than for the fertilised plot. In the second 
year, where more frequent applications of slurry and fertiliser 
were made, calculated fluxes were much lower: 0.8, 1.9 and 2.0kg
N ha  ̂ for the control, slurried and fertilised plots respectively 
at 5kPa tension, and 0.2, 0.4, and 0.5kg N ha  ̂ at lkPa tension. 
Most of the loss occurred in the autumn from the slurried plot, 
and over the winter from the fertilised plots. Although no 
measurements of soil moisture tension were carried out during the 
first two experiments, measured soil moisture tensions in the 
third winter period (Fig. 8.7) would indicate that at the 10 and 
20cm depth tensions were closer to lkPa than to 5kPa during most 
of the winter period. Actual fluxes were therefore closer to the 
lower than the upper limits given above.
In the first two field experiments no measurements were made 
of the ratio of total N flux from denitrification to ^ O - N  flux. 
However if an average ratio of 10 is assumed (Section 1.5.3), the 
losses quoted above represented a substantial proportion of the 
fertiliser-N applied.
In the third experiment, fluxes of ^ 0  were measured directly 
by trapping ^ 0  diffusing into the headspace of enclosed micro­
plots. By using both ^ 0  and total N flux could be measured.
The method adopted for introducing into the soil ensured that
reached to at least the 40cm depth. Fluxes over most of the 
experimental period were low, corresponding to the low ^ 0  con­
centrations in the soil profile during the experiment and the re­
latively good aeration compared to other years. Total losses of
N„0-N from the control and slurried plots over the experimental
.  .  “Iperiod were estimated to be 6.5 and 7.1kg ha respectively when
£ ^ 2  was P resent “ only slightly higher than in its absence.
Losses of N were much higher from the fertilised microplots,
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especially in the autumn and spring, and there was a much
greater difference between C„H treated and untreated plots,
-156.1kg N ha being lost from C H treated plots compared with
-1 .10.3kg N ha from untreated plots over the experimental period.
Fluxes of up to 115g N ha ^  were recorded and about 21% of the
N applied on one occasion was lost by denitrification. It was
shown that the measured fluxes could reasonably have arisen from
the measured N^O concentrations in the soil profile. The ratio
of total flux to loss of N O  alone increased with total flux,
values of up to 25 being recorded, indicating that under conditions
conducive to denitrification, N^O was more likely to be reduced
to N^, while where fluxes were low most loss was as N^O.
The flux measurements therefore confirm the results of soil 
atmospheric analysis, i.e. that losses of N by denitrification are 
most likely to result from applications of fertiliser in the autumn 
and spring and that the highest fluxes result from N0^ fertiliser. 
These observations are in broad agreement with those from other 
comparable studies for rain fed agricultural systems.
A comparison of N^O-N losses following applications of in­
organic fertiliser and slurry undertaken by Sandford (1980) showed 
that losses of N were 7.5 times greater with inorganic fertiliser 
than with slurry. In the present study N^O losses were only 1.6 
times greater in the absence of ^2^2 ^ Ut ti™68 greater when
was used and overall losses were much higher.
Few studies to measure total denitrification as well as N^O 
loss have been carried out in Britain. Ryden (1983) reported
fluxes of N„0 using an C„H technique, on loamy grassland
. . -1 soil, with annual applications of 0, 250 and 500kg N ha as
NH^NO^ in equal amounts during the year. Ryden's results were
broadly similar to those reported here. He found a range of
fluxes in C^H^-treated sites up to 83g N ha ^ (cf. 117g N ha \  ^
in the study reported here) and "background" rates, i.e. when
NO or soil moisture conditions limited denitrification, of
-1 -1 -1 -1<2g N ha h (cf. <lg N ha h ). The greatest losses of
applied fertiliser N in his study occurred in July 1980 (in a very
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wet summer) and March 1981 when 8.4% and 15.6% respectively was 
lost, corresponding to times when soil moisture contents were 
high and rainfall occurred following fertiliser applications.
These losses were similar in magnitude to those found in this 
study: 10% in autumn, 1981 and 21% in spring, 1982. Ryden found
evidence of negative fluxes occurring consistently for long 
periods in both the unfertilised plots and those receiving 250kg 
N ha ^a \  where N0^ concentrations were low, temperatures 
above 5°C and the moisture content was above 20%. In the present 
study, negative fluxes were measured but attributed to experi­
mental error.
In contrast to the results reported here, Ryden (1983) 
always found higher fluxes under the ^ ^ 2  treatment, the pro­
portion of N lost as N 2O being highest when total flux was highest: 
15-79% of total loss was as ^ 0 .  He attributed this to R^O being 
favoured as the product of denitrification when NO^ concentrations 
were high. Although he did not measure R1 0 concentrations in the 
soil profile, he produced evidence to show that most denitrification 
occurred in the upper 20cm of the soil profile. In this case the 
shorter diffusion pathway may have led to higher ^ 0  fluxes. It 
is also possible that his methods of introducing £2^2 into the 
soil did not establish adequate ^ ^ 2  concentrations at lower 
depths in the soil, i.e. that total flux was underestimated. In 
contrast with Ryden's observations, in the present study it was 
found that gaseous loss of N was principally as ^  when the rates 
of denitrification were high. There was evidence that high ^ 0  
concentrations at depth in the soil, which is likely to be reduced 
to N 2 during diffusion to the surface, contributed considerably 
to total N flux. C o l b o u m  and Harper (1982) who used an 6 ^ 2  
technique similar to that of Ryden to measure fluxes in autumn 
and over one winter, also found higher ratios of total:N 0 flux 
(7-10) when total flux was high, while at low fluxes there was 
little difference between fluxes from C2H 2 treated and untreated 
sites.
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Other workers have measured N O  fluxes only: e.g. Armstrong
(1983), using two soils irrigated to field capacity, applied 200kg
ha as calcium nitrate in October and measured subsequent fluxes
over the winter, while Webster and Dowdell (1982), using lysimeter
monoliths with two soils, measured fluxes over a three year period
with applications of 0, or 400kg N ha ^  as inorganic fertiliser.
Measured maximum N„0 fluxes in Armstrong's work were 6.7 and 0.2g 
-1 -1 .N ha h m  a clay and loamy sand respectively, much lower than
-1 -xthe fluxes of up to lOg N ha h found by Webster and Dowdell 
and up to 8g N ha ^h  ̂ reported here. Both Webster and Dowdell 
and Armstrong found rates were highest after fertilised application 
to wet soil and low during the winter. "Background rates" of 
N^O emission reported by Armstrong (0.04g N ha ^h ■*") and by Webster 
and Dowdell (0.1~0.2g N ha ^h ^) were more precise than those re­
ported here because their measurement technique was more sensitive. 
In contrast to Ryden's work they did not report negative fluxes.
The paucity of quantitative data 0f denitrification losses, 
particularly following applications of slurry and other organic 
fertilisers, illustrates the fact that denitrification is the 
least understood process in the nitrogen cycle. More work is 
needed in particular to improve the ^2^2 technique and adapt its 
use to heavy clay soils and to quantify and predict N losses under 
different soils and management practices.
The effects of ^2^2 on nitrification and respiration were 
investigated. In a two week incubation of aerobic soil with 
C2H2 at a concentration of 0.04ml ml  ̂ 62^2 totally inhibited 
nitrification, causing a build up of NH^ , and reduced mineral­
isation. In a longer term incubation, the presence of 62^2 re­
sulted in a decrease of inorganic N to almost zero, but the effect 
was reversible. Previous published work has shown the reversible 
inhibition of nitrification but not the large decrease in inorganic 
N (Section 1.2.4.4). When C2H2 was in contact with soil for 1 
day per week for several weeks, nitrification was reduced at a 
concentration of 0.05ml ml  ̂ but not at 0.005ml ml ^ . Thus, at 
higher concentrations, a recovery time of 6 days may have been
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insufficient and in the field experiment using where CJE^
was also in contact with the soil for 1 day per week, it is 
possible that nitrification may have been reduced. Since de­
nitrification depends on NO^ concentrations, this may have led 
to an underestimate of N^O flux in C2H2~treated plots, particularly 
in the control and slurried treatments. When the 62^  treatment 
was switched from one set of microplots to another, recovery of 
nitrification would be expected within two weeks.
In laboratory incubations of anaerobic soil exposed to 62^  
for 1 day per week, there was no evidence of a lessening of the 
inhibitory7 effect of £2^2 on ^ 0  reduction, even after 6 weeks. 
Similarly, in the field experiment, since the ratio of ^ 0  flux 
with and w7ithout did not decrease over the experimental
period, C^E^ appeared to be effective even after several months.
In aerobic conditions 62^  increased respiration in soil 
incubations and caused the depletion of inorganic N. Experiments 
confirmed that this was associated with the consumption of 
probably by soil bacteria. Bacterial cultures were isolated 
from the soil, which could grow by using as the sole carbon
source. More than one bacterial species was found on the agar 
culture plates. Incubations in liquid culture confirmed beyond 
reasonable doubt that the bacteria consumed Since this work
was done, similar results have been reported by other workers 
(Colbourn et al., 1982). During the field experiment using C9H , 
microplots to which C2**2 was applied had higher concentrations of 
CC>2 in the soil profile, particularly towards the end of the ex­
perimental period. It was possible, therefore, that, the population 
of bacteria able to use C^E^ as a carbon source increased in the 
soil during the course of the experiment.
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APPENDIX ] : METHOD OF COLLECTING SOIL ATMOSPHERE SAMPLES
The sampling probes used (Fig. A.]) were similar to those des­
cribed by Dowdell e£ a_l. (1972) and were relatively cheap, and 
sufficiently robust to last several seasons.
The probes consisted of a sintered bronze cup (Sintered Products 
Ltd., Sutton in Ashfield, Notts., England) of pore size 5]im, connected 
to an outer tube of electrical conduit by a flange fitted with a neo­
prene gasket. A stainless steel sampling tube was soldered through 
the flange to ensure a seal, and passed through a subaseal at the top 
of the electrical conduit, and was connected by means of soft PVC 
tubing to a three-way stopcock from which gas samples were taken. The 
volume of the sampling tube was less than 1ml. Either air or water 
was sampled depending on the height of the water table, since the 
porous cup was permeable to both.
The porous cup was tapered from the flange so that, when it was 
inserted into an augered hole, soil could not smear and seal the 
surface. After installation the hole was backfilled with tightly 
packed soil to prevent diffusion of air from the soil surface.
To sample soil gases a 5ml syringe fitted with a three-way 
stopcock was attached to the three-way stopcock of the probe, and 
after flushing with the first 5ml from the probe the syringe was re­
filled. An experiment where successive 2ml samples were taken from 
gas probes (Fig. A.2) showed that the second 5ml sample was represent­
ative .
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c
Fig. A.I. Sectional view showing probe construction. a - porous 
bronze cup, 66mm long, 49mm diameter tapering to 32mm, 
wall thickness 2.5mm, pore size 5ym; b - stainless steel 
sampling tube 0 .75mm i.d.; c outer tube (electrical 
conduit) 19mm o.d. with external thread; d - flange (with 
internal thread) through which sampling tube is soldered, 
e - neoprene gasket; f - nylon 3~way stopcock attached to 













Fig. A.3. N O detection using an electron capture detector.
A - injection port; B - glass drying column containing 
magnesium perchlorate; C - oven at 110°C; D - porapak-Q 
column 2m long, i.d. 6mm; E - ECD at 350 C
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APPENDIX 2 : GAS ANALYSIS
Samples were analysed within 24h of collection whenever possible, 
although experiments showed that concentrations of gases in the 
syringes remained constant for at least 3 days. Duplicate samples 
were taken from each probe so that leaking syringes could be detected.
A subsample of gas w’as taken for N^O analysis by connecting a 
1 ml syringe fitted with a 3 way stopcock to the side arm of the 5ml 
syringe. The 1ml syringe was twice filled from the original sample while de­
pressing the barrel of the 5ml syringe, first to flush the syringe and 
then to take a sample.
The 1ml and 5ml syringes were fitted with hypodermic needles and 
gas expelled through the needle, the remaining 0.5ml or 1ml respectively 
being injected into chromatographs for N^O, or CO^ and 0  ̂ analysis as 
described below.
N^O analysis
Gas samples were injected on to a short (10cm) column of magnesium
perchlorate to remove water vapour, before passing to the analytical
column containing Porapak Q at 110°C, where N^O and 02 were separated
(Fig. A.3). An electron capture detector (ECD)(Pye Unicam Series 104
Chromatograph) was used for N O analysis. In the ECD, radiation from 
63a Ni source causes ionisation of the carrier gas (N^) giving a 
current between two electrodes when a pulsed voltage is applied.
Electron capturing gases in the carrier gas (e.g. 0^, N , halogens) 
reduce the current, giving rise to a peak on the recorder chart (Fig.A.8). 
High purity N (Air Products Ltd.) passed through a molecular sieve 
trap and 02 absorbing material, "Oxy-Trap" (Phase Separations Ltd., 
Queensferry, Clwyd), ensured a steady baseline. The ECD was operated 
at 350°C to give the maximum response to N^O. A separate stream of 
carrier gas was passed through the ECD to prevent "tailing off" of 
the peaks. The flow wTas continuous since the ECD took 2 days to 
reach maximum sensitivity.
At a pulse interval of 150hs and 500ys the linear range was 0-4 
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_ l ^
^ 0  concentration (ml ml x 10 )
Response curve at 500ps
— 1 6
^ 0  concentration (ml ml x 10 )
F ig. A .5. Response curve at 150ps
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therefore since samples contained a wide variation in N^O concentration 
the 150ys pulse space was used for samples from the field. Varying 
amounts of a standard (1 x 10 ^ml ml ' N„0) , made up by injecting pure 
into a flask of known volume sealed with a subaseal, were injected 
into the chromatograph to obtain the response curve. Peak heights 
were used since a preliminary experiment showed that peak height was 
independent of sample volume up to 1ml. Under the conditions used 
the lower limit of detection was 2 x 10 ^ml ml
Acetylene elutes from the Porapak column after N^O and caused a 
large peak with a very long "tail" and tests showed that the sensitivity 
of the ECD was altered by the presence of C2ti2’ A swi-tchi-n g valve 
(Fig. A.6) was therefore installed between the drying column and the 
oven so that in samples containing » as soon as ^ 0  eluted, the
flow of through the column could be reversed, i.e. the flushed
out. Meanwhile a second Porapak column was used for the next sample.
The backflush flow rate was greater than the carrier gas flow rate. 
Nevertheless frequent calibrations were run when was present in
samp les.
^Qq an<̂  ^ 2 analysis
The sample was injected into a stream of He carrier gas and
passed through a short (10cm) drying column containing magnesium
perchlorate (Fig. A.7). The flow was then split in a ratio of about
32:1 using two pieces of stainless steel capillary tubing of length
27 and 19.5cm, the greater flow passing through a Porapak Q column
o “"8and the lesser through a 5A (5 x 10 m) molecular sieve column main­
tained at 110°C. The gas streams then merged and passed over the 
heated filament of a thermal conductivity detector, or katharometer 
Pye Unicam, Series 104 Chromatograph), the other filaments in the 
Wheatstone Bridge type arrangement (bridge current 165mA) being in 
a flow of He alone. The presence of the sample gas causes a change 
in temperature and therefore resistance of the filaments causing a 
signal resulting from an imbalance in the bridge. The thermal con­
ductivity of He (over that of C0^, 0^ and N^) makes it suitable
as a carrier gas. Only 30 minutes were required for stable operating
e a r n  er
S
^ 0  backflush
Fig. A.6 ,
Fig . A. 7.
> - ve n t
^ 0  backflush
8 way switching valve used when samples for ^ 0  
analysis contained showing the two positions
A
Katharometer detector for analysis of 0  ̂ and CO^.
A - injection port; B - glass drying column containing 
magnesium perchlorate; C - oven at 110°C; D - molecular 
sieve column 1.5m long, 3mm i.d.; E - porapak Q column 




------------ 0 , N 9 an d Ar
CO,
0 2 and Ar
Fig. A. 8. Traces from gas analysis _ 6 — 1
A _ sample containing 1 x 10 ml ml N 20 
B - sample containing 0.01ml C02 , 0.20ml 0 2 and 
0.79ml N„
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conditions to be achieved.
Nitrogen, 0^ and Ar passed through the Porapak without significant
retention giving a single large peak, followed by C02 . The molecular
sieve separated 0^ and Ar from N Q , these gases eluting after C02 (Fig.
A.8). The split of gases was such that for CO concentration up to 
-  ]0.025ml ml the same attenuator setting (x2) could be used for the 
whole sample.
A  preliminary experiment showed that peak height was proportional 
to gas concentration over the range of concentrations possible in soil 
gases. A standard gas mixture (British Oxygen Company) (with accurate
analysis) containing about 0.01ml ml ' CO , 0.20ml ml  ̂ 0 „ , and 0.79ml
-  ] . .ml N 2 was used for calibration.
Where the sample contained , which eluted from the Porapak Q
column between the 0^, N'2 and Ar peak and the C02 peak, adequate separ­
ation could only be achieved by lowering the oven temperature to 100°C.
This necessitated frequent changing of the drying column, or simply 
leaving the katharometer for about half an hour if water began to come 
through the column, causing a shift in the baseline. Calibration of the 
response to was carried out using 0.05ml samples of pure C2H 2 .
Measurement of C2^2 concentration was accurate to i 4 x 10 ^ml ml- 1.
Since it was impossible to inject accurately 1ml of sample, the
total volume injected was found from the volume of the constituent 
gases. The amount of Ar was calculated from the volume of N 2 , since 
the proportion of Ar to in air is constant (0.012). The ratio of 
the response of the katharometer to Ar to that to N 2 was found to be 1.233.
Thus, if: A is peak height of C02 in the standard
B is peak height of 02 in the standard
C is peak height of N 2 in the standard
D is peak height of ̂ ^ 2  :'‘n t'le stan<^ar^
a is the volume of C02 in the standard (ml) 
b is the volume of 02 in the standard (ml)
c is the volume of in the standard (ml)
d is the volume of C , ^  in the standard (ml)
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w is the peak height of CO^ in the sample
x is the peak height of 0^ in the sample
y is the peak height of N in the sample
z is the peak height of in the sample
Then: Volume of CO^ in the sample = wa/A (ml) A . 1
Volume of in the sample = yc/C (ml) A.2
Volume of 0^ in the sample = (x - (1.233 X
0.012 y))b/B (ml) A.3
Volume of Ar in the sample = 0.012yc/C (ml) A.4
Volume of in the sample = zd/D (ml) A.5
Total Volume = wa(A + (x - 0.0l48y)b/B + 1.0l2yc/C
+ zd/D (ml) A. 6
Concentrations were calculated using a programmable calculator.
+ -3 -1The method gave an accuracy for 0^ and of - 2 x 10 ml ml , for 
C02 of - 8 x 10 5ml ml ' , and for of - 2 x 10 ^ml ml 1.
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APPENDIX 3: ANALYSIS OF WATER SAMPLES AND SAMPLES FROM INCUBATION
VESSELS
A. Water Samples
Syringes containing water were stored in the refrigerator prior 
to analysis. Dissolved 02 was measured directly while N 20, C 2H 2 and 
C02 were determined by equilibrating the sample with air in a closed 
container and measuring gas concentrations in the headspace, since they 
have relatively high solubilities.
Dissolved 02
After being allowed to come to equilibrium, and recording the 
amounts of air and water, the syringe was held upright in a clampstand 
and 20yl of water removed, using a microsyringe. The water sample 
was injected onto glass beads in a copper tube at 160°C (see Fig. A.9). 
The water vapour was retained on a 10cm column of Porapak T while the 
gases passed through and into the analytical column (Porapak Q) and 
then to the ECD. When the peak due to 02 appeared, a valve was 
switched to backflush the Porapak T column and substitute a similar 
second column for the next sample. A sample of water in equilibrium 
with lab air was used as a standard and the 02 concentration in the 
sample expressed as an equivalent concentration in air in equilibrium 
with the water sample.
Dissolved N O ,  C2H2 and C 0 2
Following 02 analysis, the syringe was fitted with a hypodermic 
needle, all the air expelled and the water injected into a weighed 
'vacutainer' (B.D.H. Ltd.) of volume 5.53ml which was reweighed to 
determine the volume of water and shaken mechanically for 10 minutes 
so that dissolved N20, C02 and C , ^  equilibrated with the air in the 
vacutainer. Two 0.5ml samples of air were removed for C02 and C2H 2 , 
and N 20 analysis respectively (see Appendix 2).
backflush
Fig. A.9. ECD arrangement for measurement of dissolved 0^ in
water samples. A - injection port; B - glass bead 
column at 160°C; C - Porapak-T column; D - 8 way 
switching valve; E - column oven at 110°C; F - Pcrapak-Q 




Concentrations in the gas phase which would be in equilibrium 
with the water samples were calculated so that results for water 
samples and gas samples were comparable. When syringes are brought 
from the field to the laboratory, a redistribution of dissolved gas 
in the liquid and gaseous phases takes place, because of the effect 
of the temperature change on solubility.
a) Oxygen
Let sw = volume water in the syringe (ml 
sa = volume air in the syringe (ml)
Tj = temperature in the laboratory (K)
= temperature in the field (K)
= absorption coefficient of the gas at T , (ml of
gas, corrected to STP which dissolves in 1ml of water
under an atmosphere of the gas)
a 1 ,0̂ 2 1 = corrected absorption coefficient (ml of the gas at
Tj or which dissolves in 1ml water under an atmos­
phere of the gas = aT/273)
x = concentration of 0 in equilibrium with the water
. -1sample as used for analysis (ml ml )
x^ = concentration of 0^ in equilibrium with water in 
syringe as taken in the field.
(Absorption coefficients were taken from "The Handbook of 
Chemistry and Physics (37th edition, 1955-56, P . 1606-1609) those for 
N^O and CO^ being calculated from Henry's Law Constant).
Volume of 0^ in the syringe = vol. 0£ in air + vol. 0^ in water
At Tj, in the laboratory, volume 0£ = x^ (sa + s w a ^ )  (ml) A.7
At T^jin the field, volume 0^ = X2 (sa + swo^') (ml) A.8
.'. at T^jin the laboratory, volume 0  ̂= X2 (sa + swc^1) ^ / ^  (ml) A. 9
Since A . 7 and A.9 are identical:
k m , . ____ km _ , - l
‘I ' " “ 1
x2 = x (sa + swa )T2 / (sa + swc  ̂ )Tj (ml ml ) A. 10
Hence X 2 could be calculated since all other variables were known.
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b) C02> J^O or C2H2
Let V = volume of air in the vacutainer (ml)3.
Vw = volume of water in the vacutainer (ml)
Xj = the concentration of the gas measured in the
vacutainer (ml ml ')
x2 = the concentration of the gas in equilibrium with
C2
‘2
water in the syringe in the field at T (ml ml ')
Then volume of the gas in the vacutainer at =
x l (Va + a , ' V  <ml)
Concentration of the gas in the syringe water at =
x,(V + a 1V )/V (ml) l a  1 w w
Concentration of the gas in the syringe air in equilibrium with
the water at T =  x,(V + a , 1V ) / V a i1 (ml ml'1)1 l a  1 w w 1
Total gas in the syringe =
x (V + a 1v ) ( s  + a ]s )/P a 1 (m l) A. 111 a 1 w a l w  w l
But total gas in the syringe at T^ =
x.(S + S a , ’)T /T (ml) A. 122 a w 2 1 2
Therefore x = x (V + Q.'v )(S + a 's )T /P a ' (S + « ’s )T, A. 132 l a  l w  a 1 w  2 w 1 a 2 w  l
Hence x 2 could be calculated since all other variables were
known.
B. Samples from Incubation Vessels
The gas concentration in the headspace of the vessel (x ml ml ') 
was measured as described in Appendix 2.
Let: V = volume of vessel (ml)
V = w/2.66 = volume occupied by w g of soil (particle
s -1density 2.66 g ml ) (ml)
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V = volume of water added (ml) w
T = temperature during the incubation (°K) 
a' = corrected absorption coefficient (as defined in 
Appendix 3.A) at T (ml ml )̂
Then: Volume of gas in the headspace of the vessel
= (V - V - V )x ml
S W 1 Volume of gas m  the aqueous phase = V^o: x ml
Total volume of gas at 0°C = (V - V - V  + V  a^)273x/T ml (A.9)s w w
If during the incubation, the concentration of the gas is in­
creasing, the measured concentration at the nth sampling was corrected 
for the quantity of gas removed in previous samples by amending 
equation A.9 to:
Corrected total volume of gas at 0°C = ((V - V - V + V a^)x +& s w w
i=n-l
Z v.x. )273/T (ml) (A. 10)
i=l
where v. is the volume removed from the vessel on the ith sampling l
occasion
x. is the measured concentration of the gas on the ith 
l
sampling occasion.
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APPENDIX 4 : SLURRY AND FERTILISER APPLICATION
Slurry is a suspension of faecal matter and some straw in 
water and urine varying in composition depending on the age of the 
animals, their feed, and the water content. The solid material tends 
to settle out in the storage tanks. Cow slurry from the collection 
tank at Langhill Farm was analysed for total N prior to each appli­
cation to determine the volume required. Slurry in the tank was 
stirred mechanically and pumped out into a metal tank for transport 
to the field. At the experimental site the slurry was stirred con­
tinually by hand, measured out into calibrated buckets and trans­
ferred to watering cans for application to the plots, which were
. . .  . . 2subdivided with string into 1 m sections to facilitate uniform
application of the slurry. During this procedure slurry samples were 
taken to determine accurately N added.
Since the farm later acquired a separating plant, only liquid 
slurry was applied to the microplots. A sufficient volume was 
collected for the application, and following analysis, the required 
volume was added.
For application to the field plots, the inorganic fertiliser
2(calcium nitrate) was weighed out in quantities sufficient for lm .
2The plots were marked out with string into lm sections and the 
fertiliser was broadcast by hand in each section as evenly as possible. 
For each microplot sufficient calcium nitrate was weighed out and 
scattered as evenly as possible over the soil within the area confined 
by the PVC pipe.
{
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APPENDIX 5 : ANALYSIS OF SLURRY AND HERBAGE
Slurry
Since analysis showed that the solid particles of slurry re­
maining on a 2mm sieve contained less than 5% of the total N, only 
the portion of slurry passing through the sieve was analysed 
routinely. The liquid portion was stirred well in a bucket and a 
500ml sample taken in a beaker and stirred using a magnetic stirrer.
A 1ml sub-sample was taken from the beaker using an automatic 
pipette with a cut-off end. Sampling from the bucket was repeated 
4 times and 2 samples were taken from each beaker. The 8 sub-samples 
were analysed by Kjeldahl digestion as described below.
He rbage
Grass in the field plot was cut with an Allen Scythe or a Flymo 
mower. Grass from each plot was weighed in the field using a spring 
balance and a sample was taken, dried in an oven at 60°C, milled 
and analysed by Kjeldahl digestion as described below.
Digestion
A micro-Kjeldahl method, using selenium as a catalyst, was used 
enabling analysis of N, P and K to be carried out Dn the same digest 
(Chapman and Pratt, 1961). Samples of slurry (1ml) or herbage 
(0.25g) were placed in a Kjeldahl flask and 3ml of 60 volume H^O^ 
added, followed by 4ml of a solution containing 0.35g selenium in 1 
litre of concentrated H^SO^. This was heated until the digest 
cleared and then for a further hour, allowed to cool, and made up to 
50ml with water in a volumetric flask. At least two blank samples 
were included with each set of samples.
Nitrogen Analysis
From the diluted digest 10ml were transferred to a Markham still 
and about 10ml of a 40% solution of NaOH added. Steam was then 
passed through and the condensed distillate containing ammonia passed
- 300-
into 2% boric acid containing bromocresol green and methyl red




Analysis was by a colorimetric method using vanadate (Kitson 
and Mellon, 1944) described by Jackson (1958). A working solution 
was made up from 150ml of stock solution (40g ammonium molybdate, 2g 
ammonium vanadate and 150ml concentrated nitric acid made up to 1 
litre with distilled water) and 450ml of distilled water. Using a 
25ml flask, 20ml of the working solution were added to a 5ml aliquot 
of the diluted digest, and the yellow colour developed in a water 
bath at 37°C for at least 15 minutes before reading at 395nm in a 1cm 
cell in a spectrophotometer. A standard curve was prepared by using 
5ml of distilled water or of solutions of di-sodium hydrogen phosphate 
(Na^HPO^) in the concentration range 2~8yg P ml 1.
Potassium Analysis
The diluted digests were analysed for potassium using a flame 
photometer and measured against a standard curve obtained with dis­
tilled water and solutions of potassium chloride of concentration 
10-1OOy g K ml ^.
-5 0 1 -
APPENDIX 6 : ANALYSIS OF SOIL CORES FOR NITRATE AND AMMONIUM
Collection of Cores
Soil cores were taken at least 0.5m away from a probe, from the 
edge of a plot, or from where a cote had previously been taken, by 
driving a corer into the ground to at least 40cm. (Soil from below 
the 40cm depth is referred to as from the 40+ depth in the text).
The hole was filled with bentonite to ensure the aeration of the sur­
rounding area was not affected by loosely packed soil. Each core was
cut into 10cm portions, grass shoots were removed from the 0-10cm
portion, and the soil was sieved field moist through a 2mm sieve and 
stored in a cold room at 4°C. A preliminary study with a variety of
soils showed that at 4°C extractable NH. + and N0„ remained almost4 3
constant for at least 8 weeks whereas at higher temperatures N0^
concentrations tended to increase with time and NH.+ to fluctuate4
widely, even at a moisture content half that of field capacity.
The soils were extracted in 2M potassium chloride (KC1) in the 
ratio 5g soil to 25ml KC1 for one hour on a shaker using plastic 
centrifuge tubes, filtered through No. 42 filter paper and stored in 
glass bottles. The moisture content of the soil was determined by 
drying in an oven at 105°C.
Ammonium Analysis - Method 1
Ammonium was determined by a colorimetric method involving the 
formation of an ammonia-phenol complex in the presence of sodium nitro- 
prusside as a catalyst and hypochlorite as an oxidising agent 
(Kempers, 1974). Steam distillation was necessary since metal ions 
in the extract interfered with the colour formation. Duplicate ali­
quots of the KC1 extract were steam distilled with 50mg of magnesium 
oxide using apparatus similar to Bremner's (1965a) ,unti 1 about- 15ml 
of the condensed distillate containing ammonium had passed into a 
25ml volumetric flask containing 2ml of a phenol-nitroprusside reagent. 
After mixing well, 4ml of buffered hypochlorite solution was added 
and the flask made up to volume. After 1 hour the absorbance at 636nm
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was measured using a 1cm cell. Duplicate blank solutions of 2M 
KC1 were also distilled. A standard curve was obtained using dis­
tilled water or ammonium chloride solutions containing 2— 15pig ml '
+
NH^ • Distilled deionised water was used both for the extracting 
solution and for all reagents used in ammonium analysis to overcome 
contamination problems.
Ammonium Analysis - Method 2
Ammonium in the K C 1 extract was determined by continuous-flow 
analysis (Fig. A . 10). The method is based on that used by Crooke and 
Simpson (1971), but modified to allow for the much lower concentrations 
in K C 1 extracts compared with in Kjeldahl digests. An emerald green 
colour is formed between NH^ + and a weakly alkaline mixture of sodium 
salicylate and dichloroisocynurate in the presence of sodium nitro- 
prusside as a catalyst, which makes the reaction very sensitive. The
colour is measured after passing through a delay coil in a water bath 
at 37°C for 15min and the colour read at 660nm in a 1cm cell. If 
necessary, extracts were diluted with 2M KC1. Ammonium chloride 
solutions of 0.5 - 2.0pg NH^ -N ml  ̂ in 2N K C 1 were used as standards. 
Sampling time was lmin with 30s wash tine between samples.
Analysis of Nitrate
Nitrate in the KC1 extract was determined colorimetrically by 
continuous-flow analysis (see Fig. A . 11) using a method described by 
Henrikson and Selmer-Olsen (1970). Nitrate was first reduced to 
NO^ in a copperised-cadmium column, formed by washing cadmium in
a solution of hydrochloric acid followed by copper sulphate, which 
could be regenerated whenever the intensity of colour decreased. The 
NO^ underwent a diazotisation reaction with sulphanilamide, and
the product coupled with N-1-naphthylethylenediamine dihydrochloride 
to form an intense magenta coloured azo-dye, the absorbance of which 
was measured at 520nm in a 1cm cell. A calibration curve was ob­
tained from 2 m K C 1  and solutions containing 0.5 - 2.0yg N ml ' as 
potassium nitrate in 2 M K C 1 .  Extracts were diluted with 2bl KC1
-303-
sodium salicycate
Fig. A.10. Ammonium analysis by continuous flow method. DMC - double 
mixing coil. SMC - single mixing coil.
wash 
 >
Fig. A.11. Determination of nitrate by continuous flow analysis.
SMC - single mixing coil; DMC - double mixing coil
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where necessary. A sampling time of 2 minutes followed by a wash 
time of 3 minutes was necessary for full colour development and to 
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APPENDIX 9 FLUX DATA FOR CHAPTER 8
N.B. Means were ca lcu lated  using transformed data. Fluxes in  the 
tab le below are the reverse transforms o f the means
Flux(gN ha  ̂ h ^)
Date Control P lo ts  S lu rried  P lo ts  F e r t i l is e d  P lo ts
-°2 H2 +C2H2 -°2 H2 +C2H2 - c2h2 +C2H2
28 4.81 1.7 1 .0 0.9 0.6 0.6 1.2
30 4.81 0.1 -0.2 -0.1 0.0 -0.4 0.1
e;y 5-81 0.7 1.3 1 .0 1.6 0.7 0.8
12 5.81 -0.4 0.6 -0.3 1.3 1-5 0.5
21 5.81 0.4 4.0 0.0 2.1 0.1 2.5
28 5.81 0.0 0.2 0.2 -0.4 -0.2 0.1
4 6.81 0.6 1.1 0.5 1 .0 0.2 0.9
10 6.81 1 .2 3-4 0.7 1.4 0.7 1.8
2 7.81 0.7 0.7 0.6 1.0 -0.1 0 . 3
7 7.81 1 .2 0.6 2.4 8.1 0.6 0.5
8 7.81 0.7 0.4 0.8 2.6 2.5 0.6
9 7.81 0.8 1.1 1.4 2.2 2.5 1.4
14 7.81 0.9 0.4 0.1 0.4 . 0.2 0.2
21 7.81 1.4 0.9 0.8 0.8 0.7 0.6
23 9.81 -0.2 0.6 0.2 0.5 -0.1 0 . 3
6 10.81 0.6 0.7 0.7 0.2 1 .0 0.5
12 10.81 0.6 0.9 0.5 0.8 0.1 1 .0
19 10.81 0.4 0.8 0.4 0 . 5 1.3 2.2
21 10.81 0.5 0.3 0.7 0.3 0.0 -0.2
28 10.81 0.3 0.6 0.3 1.5 0.1 0.7
4 11 .81 -0.4 2.5 -0.4 -0.4 22.7 10.2
11 11 .81 1.5 1 .2 0.8 1.1 2.7 3.0
18 11 .81 0.3 1 .0 0.2 0.9 0.8 1 .0
25 11 .81 0.6 0.5 0.8 0.6 6.0 19.1
2 12.81 0.5 0.6 -0.3 0.6 0.9 -
9 12.81 0.9 0.4 0.1 0.5 1.5 7-7
20 1 .81 0.2 0 . 5 -0.4 0.3 -0.2 3-8
4 2.82 0.6 0.0 0.6 0.2 0.5 0.5
11 2.82 -0.1 -0.3 1.1 0.4 0.5 1.3
17 2.82 1.5 2.0 0.8 3.3 0.7 2.3
26 2.82 0.4 0.1 0.3 0.6 0.5 0.4
4 3.82 0.7 1 .2 1.9 1 .2 4.0 7-6
7 3.82 0.2 0.7 0.8 1.1 0.7 1.7
18 3.82 -0.2 0.0 -0.5 3-9 8.2 34.4
24 3.82 -0.4 0.2 0.7 0.6 1.4 9.2
1 4.82 -0.4 0.0 -0,5 0.3 0.2 9.2
7 4.82 0.0 0.3 -0.4 1.6 2.4 58.9
15 4.82 -0.5 -0.1 -0.5 0.1 0.3 5-4
22 4.82 0.8 1.7 0.8 3-5 2.3 4.5
28 4.82 0.7 4.8 3.1 5-0 3.2 23-3
30 4.82 0.6 0.6 1 .2 0.5 3-9 69-7
7 5.82 1.3 1.1 3-5 - 4.6 99-5
11 5.82 0.2 -0.4 0.7 -0.3 2.9 18.7
19 5.82 0.9 0.8 0.4 1.1 4.9 6.4
26 5.82 0.3 1 .0 1.1 1.7 3.8 5-7
